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ABSTRACT
Potential Degradation of Hexabromocyclododecane (HBCDD) in Sediments: Stereoisomer
Specific Reaction of HBCDD with Reduced Sulfur Species or Fe(II) Bound to Iron Oxides
by
Xianmiao Zhang
Advisor: Urs Jans

The individual degradation rates of the three dominant stereoisomers (, , ) of
hexabromocyclododecane (HBCDD) with bisulfide and polysulfides were investigated at pH 9-10
in methanol/water solutions at two different temperatures (25 C and 40 C). -HBCDD reacts
significantly slower than -HBCDD and -HBCDD. It was also observed that the reaction of
HBCDD with polysulfides is faster than with bisulfide. For the reaction of HBCDD with bisulfide,
the experiments were performed in 20% water/80% methanol, 50% water/50% methanol and 80%
water/20% methanol at 40 C. It was determined that the solvent polarity affects the reaction and
the second-order rate constants of -HBCDD and -HBCDD with bisulfide are larger with higher
percentage of water. Only one isomer of tetrabromocyclododecene (TBCDe-5) was identified as a
degradation product of the reaction of HBCDD with reduced sulfur species. TBCDe-5 itself reacts
about ten times slower with bisulfide and twenty times slower with polysulfide than HBCDD.
The reaction of HBCDD isomers with Fe(II) bound to magnetite and goethite were performed in
a pH range from 6.15 to 7.50 at room temperature. It was observed that Fe(II) bound to iron oxides
is a more efficient reductant than aqueous solution of Fe(II) only to reduce HBCDD in sediments.
iv

The reaction of HBCDD with Fe(II) bound to iron oxides is also stereoisomer specific with αHBCDD reacting much slower than -HBCDD and -HBCDD. The reaction is pH dependent and
it is faster with increased pH. The initial concentration of Fe(II) and HBCDD can affect the
reaction rate. The reaction is negligible when all the Fe(II) is sorbed to magnetite and no Fe(II)
remains dissolved. It was also observed that the reaction of 100 nM HBCDD is slower than the
reaction of 1 µM HBCDD with Fe(II) bound to magnetite. In addition, natural organic matter
(NOM) was found to inhibit the degradation of HBCDD by Fe(II) bound to iron oxides.
The much slower abiotic reaction of -HBCDD compared to -HBCDD and -HBCDD could
potentially contribute to the fact that -HBCDD is found in higher concentrations in biological
samples than -HBCDD. The study demonstrates that bisulfides, polysulfides and Fe(II) bound to
iron oxides can play a significant role in the degradation of HBCDD in sediments.
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1. Introduction
1.1 Hexabromocyclododecane (HBCDD)
Brominated flame retardants (BFRs) include a wide range of chemicals added to products to
decrease the risk of fire. Polybrominated diphenylethers (PBDEs), tetrabromobisphenol A
(TBBPA), and hexabromocyclododecane (HBCDD) are three main groups of so-called
conventional BFRs. PBDEs are being phased out and decabromodiphenyl ethane (DBDPE) has
emerged as a replacement for PBDEs according to the studies reviewed by Jans (Jans, 2016). As
a representative BFR, 1,2,5,6,9,10-hexabromocyclododecane (HBCDD) has been produced since
the 1960s and is currently the most widely used cycloaliphatic additive brominated flame retardant.
The known global production was approximately 23,000 tons per year in 2011 with US and Europe
producing 13,426 tons and China producing 9,000 to 10,000 tons (UNEP, 2011). The main
application of HBCDD is in thermal building insulation, upholstery textiles and electronics to
decrease the risk of fire (Marvin et al., 2011). HBCDD had been identified as a persistent organic
pollutant (POP) according to the Stockholm Convention on POPs (UNEP, 2013)
HBCDD is an aliphatic cyclic compound which has up to 16 different stereoisomers. Commercial
mixtures of HBCDD are mainly composed of three isomers, -, -, and γ-HBCDD, with γHBCDD (75-89%) being the predominant compound, followed by α-HBCDD and β-HBCDD (1013% and 1-12%, respectively) (Covaci et al., 2006). The structures of the three main HBCDD
stereoisomers are shown in Fig. 1-1. The predominant isomer, γ-HBCDD can be metabolized with
a shorter halftime than α-HBCDD, via pathways of oxidation, stereoisomerization, reductive
debromination, dehydrogenation, and ring opening (Hakk, 2016), which indicates that α-HBCDD
is more biologically persistent and resistant to metabolism. When the temperature is above 160C
1

during the manufacturing process of materials containing HBCDD, HBCDD can also be subject
to thermal rearrangement which will result in a specific mixture of stereoisomers (i.e., 78% αHBCDD, 13% β-HBCDD, and 9% γ-HBCDD) (Peled et al., 1995; Köppen et al., 2008). Therefore,
the relative abundance of the HBCDD stereoisomers in environmental samples might be different
from that of the technical HBCDD mixtures due to abiotic and biotic transformations.

Fig. 1-1. Structures of the three HBCDD stereoisomers.
Table 1-1 shows the physicochemical properties of the three main stereoisomers in technical
HBCDD. As an additive BFR, HBCDD can escape the material and be released into the
environment since it is not covalently bound to the polymer molecules (Jans, 2016). HBCDD is a
hydrophobic compound, the logKow values for , , and  isomers are 5.07, 5.12 and 5.47,
respectively (Hayward et al., 2009). The water solubility of the three HBCDD stereoisomers
indicates that α-HBCDD is more water soluble than β-HBCDD and γ-HBCDD (Hunziker et al.,
2004). With high Kow, low vapor pressure and low aqueous solubility, there is a high potential for
HBCDD to associate well with particles and become eventually part of the sediment phase (Davis
et al., 2005). Therefore, it is important to investigate degradation processes of HBCDD in
sediments in order to better predict its environmental lifetime.

2

Table 1-1. Physicochemical properties of technical (EEC, 2008)
Property name

Property value

Chemical formula

C12H18Br6

Molecular weight

641.7 g mol-1

Density

2.24 g cm-3

Vapor pressure

6.3×10-5 Pa (21 C)

Melting point

179-181 °C α-HBCDD
170-172 °C β-HBCDD
207-209 °C γ-HBCDD

Boiling point

Decomposes at 190 C

Water solubility

66 µg L-1 (sum of α-, β- and γ-HBCDD)
48.8 µg L-1 α-HBCDD
14.7 µg L-1 β-HBCDD
2.1 µg L-1 γ-HBCDD

n-octanol/water partition coefficient

Log Kow = 5.62 (technical product)
5.07 ± 0.09 α-HBCDD
5.12 ± 0.09 β-HBCDD
5.47 ± 0.10 γ-HBCDD

1.2 HBCDD in Sediments
Because HBCDD is persistent and bioaccumulative, its environmental levels have been increasing
since its widespread use for the past few decades (Guerra et al., 2009; Harrad et al., 2009; Chen et
al., 2011; Oh et al., 2014). HBCDD has been detected in biological samples such as fish, mammals
and birds as well as sediments, sewage sludge and soils at high contamination levels (Tso and
Shih, 2014a). Table 1-2 summarized the levels of HBCDD in sediments that have been reported
in the literature. The highest concentration of HBCDD was reported to be 27.5 mg g-1 dry weight
3

in sediments sampled from Durban Bay in South Africa (La Guardia et al., 2013). As a major
repository for many of the persistent chemicals that are introduced into surface waters, increasing
interest has focused on developing and applying methods for assessing the fate of contaminants in
sediments.
Table 1-2. HBCDD levels (ng g-1, dry weight) in sediments
Sampling site
Durban Bay (South Africa)

HBCDD (ng g-1, dry weight)
<0.6-27500

Reference
(La Guardia et al., 2013)

Kuzuryu River (Japan)

97-7800

(Oh et al., 2014)

Cinca River (Spain)

514-2430

(Guerra et al., 2009)

Ebro River Basin (Spain)

0.8-1850

(Guerra et al., 2010)

Skerne River (England)

˂2.4-1680

(Morris et al., 2004)

Scheldt Basin (Belgium)

<0.2-950

(Morris et al., 2004)

Daya Bay and Hong Kong (China)

1.6-30

(Liu et al., 2014)

Busan and Ulsan (South Korea)

0.05-29.3

(Jang et al., 2013)

English Lakes (UK)

<0.88-4.8

(Harrad et al., 2009)

1.3 Human Exposure and Toxicological Effects of HBCDD
The non-occupational exposure to HBCDD is thought to occur via both ingestion of dust and
dietary intake (Abdallah et al., 2008; Abdallah and Harrad, 2009; Roosens et al., 2009). A study
based on 21 UK adults estimated the average personal exposure to HBCDD via ingestion of indoor
(house, car and office) dust. On average, personal exposure to HBCDD via dust ingestion is 48 ng
day-1 with the proportion of 35% α-, 11% β-, 54% γ-HBCDD (Abdallah and Harrad, 2009). This
study also revealed that house dust is the major contributor to personal exposure via dust ingestion
due to the large fraction of time spent in houses. However, office dust was found to make lower
contribution (13%) to HBCDD exposure than car dust (17%) even though the participants spent
4

more time in offices. This can be explained by the significantly higher HBCDD concentration in
car dust. The dietary intake of HBCDD estimated in Sweden found that fish is the major source
(65%) of dietary intake, followed by dairy products (24%) and then meat (11%) (Törnkvist et al.,
2011). A study of dietary HBCDD intake performed in Belgium found that meat is the major
contributor (42.5 %) due to its high consumption, followed by other products such as cakes and
cookies (27.6%), dairy products (22.4%), fish (7.1%) and then eggs (0.4%) (Goscinny et al., 2011).
The estimated average daily dietary HBCDD intake was 0.99 ng kg-1 bw d-1 in the 3245 Belgian
participants with the contribution of 25% α-, 8% β-, 67% γ-HBCDD. The dietary intake of
HBCDD in U.S. was estimated at 16 ng/day based on the study with 31 food types (310 samples).
It is mostly from meat consumption and HBCDD was not detected in any dairy products
(Schecteret al., 2010).
The toxicological effects of HBCDD are not fully understood due to the limited information
available. However, there have been a few studies indicating that HBCDD might be harmful to
health. For example, HBCDD may influence the plasma membrane potential and therefore inhibit
the uptake of neurotransmitters (e.g., dopamine, glutamate) (Mariussen and Fonnum, 2003). And
it may also act as an endocrine disrupter in humans and animals (Yamada-Okabe et al., 2005; van
der Ven et al., 2009). It is therefore of importance to better understand the degradation of HBCDD
in the natural environment and then develop effective methods to remove HBCDD from
contaminated environments.
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1.4 Degradation of HBCDD
1.4.1 Degradation Methods of HBCDD
A variety of methods have been proposed to decompose HBCDD. These methods include
photolysis (Zhou et al., 2014; Yu et al., 2015), abiotic transformation (Lo et al., 2012; Tso and
Shih, 2014b; Li et al., 2016; Ukisu, 2017) and biodegradation (Davis et al., 2006; Yamada et al.,
2009; Peng et al., 2015). Previous studies have shown that chemicals such as bisulfide and
polysulfide (HS-, Sn2-), nanoscale zerovalent iron (nZVI), synthetic iron sulfide (FeS), sulfidated
nanoscale zerovalent ion (S-nZVI), as well as silica-supported palladium catalyst are able to lead
to reductive debromination of HBCDD (Lo, et al., 2012; Tso and Shih, 2014b; Li, et al., 2016; Li
et al., 2017; Ukisu, 2017).
Because reduced sulfur species have high reductive capabilities and nucleophilicities, it is very
likely that HBCDD can be transformed by them. (Perlinger et al., 1996). Bisulfide and polysulfide
are abundant reduced sulfur species in the environment while calcium polysulfide (CPS) has been
shown to be an effective reductant use to amend contaminated soils and groundwater to reduce
contaminants (i.e., chromate) (Storch et al., 2002; Chrysochoou and Johnston, 2015). The natural
concentrations of bisulfide and polysulfide in sediment porewaters sampled from prairie pothole
lakes in North Dakota were reported to be as high as 2.3 mM and 79 M, respectively (Zeng et al.,
2011).
Previous studies by Schwarzenbach et al. have shown that an aqueous solution of Fe(II) is
unreactive toward many contaminants while Fe(II) bound to the surfaces of iron-containing
minerals can play a significant role in the degradation of reducible contaminants in the subsurface
(e.g., nitroaromatics, chlorinated solvents) (Klausen et al., 1995; Hofstetter et al., 1999; Elsner et
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al., 2004). Fe(II) is common in anoxic environments and it is primarily produced by dissimilatory
iron-reducing microorganisms (Lovley, 1993). Magnetite (Fe3O4) and goethite (α-FeOOH) were
chosen as the primary minerals because they are common minerals in sediments and they were
previously found to be reactive in the reduction of carbon tetrachloride (Amonette et al., 2000),
hexachloroethane (Elsner, et al., 2004), polyhalogenated methanes (Pecher et al., 2002),
nitrobenzenes (Klausen et al., 1995) and drinking water disinfection byproducts (Chun et al., 2005)
in the presence of Fe(II). In contrast to the previous research, we study contaminants with much
lower solubility (nM range) than chlorinated solvents and nitrobenzenes. One question we are
intending to elucidate is whether compounds that are predominantly sorbed onto particles can also
be transformed by Fe(II) bound to iron oxides.
1.4.2 Degradation Products of HBCDD
An increasing interest in the degradation products of HBCDD can be observed recently even
though limited information is available. Davis et al. reported that HBCDD undergoes sequentially
debromination in digester sludge and fresh water aquatic sediment by microorganisms. Davis et
al. also identified tetrabromocyclododecene (TBCDe), dibromocyclododecadiene (DBCDi) and
cyclododecatriene (CDT) as the products of biodegradation (Davis, et al., 2006). A few attempts
have also been made to identify the degradation products of HBCDD by abiotic reductants. Lo et
al. reported that there are two unknown products for the degradation of HBCDD by reduced sulfur
species and one of them is likely to be TBCDe (Lo et al., 2012). A study on the transformation of
HBCDD by nZVI found two degradation products which are DBCDi and CDT (Tso and Shih,
2014). Li et al. proposed the degradation products of HBCDD by FeS to be TBCDe, DBCDi and
CDT and the study performed on the transformation of HBCDD by S-nZVI also revealed two
products (TBCDe and DBCDi) (Li et al., 2016; Li et al., 2017). However, these degradation
7

products of HBCDD by abiotic reductants were not confirmed because no authentic standards were
available. Therefore, this study attempted to synthesize the degradation products and then identify
the products.
In addition, it is also worth noting that pentabromocyclododecene (PBCDe) is reported to be
present in chicken eggs and fish (Hiebl and Vetter, 2007). The HBCDD metabolism in mammals
has also been investigated. Different groups of hydroxylated HBCDD, hydroxylated PBCDe and
TBCDe are reported as HBCDD metabolites (Hakk, 2016).
1.4.3 Degradation Pathway of HBCDD
Davis et al. proposed that HBCDD is sequentially debrominated by microorganisms naturally
present in anaerobic digester sludge and aquatic sediments (Davis, et al., 2006). Two bromines
from vicinal (adjacent to each other) carbons are removed at each step and resulting in the
formation of a double bond between the adjacent carbon atoms (Fig.1-2A). Debromination of
vicinal dibromides by bisulfide or polysulfide is thought to proceed via a concerted reductive antielimination mechanism via the formation of a bridged intermediate which involves a net transfer
of two electrons (Jans and Roberts, 1998; Lo et al., 2012). This reaction is essentially the reverse
of the bromination of alkenes. Thus, the principle of microscopic reversibility implies that the
debromination will also proceed through a bridged intermediate. The formation of the bridged
intermediate requires the two vicinal bromines to be in anti-orientation. The nucleophilic attack of
the reductant (e.g., reduced sulfur species) at one of the bromines leads to an increase of its
nucleophilicity and allows the formation of the bridged intermediate (Fig. 1-2B) (Mathai et al.,
1970; Carey and Sundberg, 2007).
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Although bisulfide and polysulfide function as two-electron reductants, in theory, reduction can
also proceed via single electron transfer by other reductants. Fe(II) serves as one-electron
reductant, but Fe(II) bound to goethite may promote simultaneous transfer of two electrons during
the dechlorination of carbon tetrachloride since the sorbed Fe(II) atoms are close to each other
(Amonette, et al., 2000; Totten et al., 2001). If the debromination of HBCDD involves a concerted
two electron transfer and the formation of a three-membered intermediate, the reaction would be
highly stereoisomer specific with preference for anti-elimination (Baciocchi, 1983). To gain
insight into the reaction mechanism of HBCDD with reduced sulfur species or Fe(II) bound to iron
oxides, computations were performed in this study to identify the most stable conformations for
HBCDD.

Fig. 2-2. (A) Proposed reduction of HBCDD by bisulfide forming TBCDe and DBCDi. (B)
Debromination of two vicinal bromines by bisulfide via a concerted reductive anti-elimination
mechanism.
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1.5 Natural Organic Matter
Natural organic matter (NOM) are ubiquitous in environmental systems and commonly coexist
with Fe(II) and iron oxides in sediments. There have been a few studies indicate that NOM could
inhibit the reduction of nitroaromatic compounds by Fe(II) bound to iron oxides (Vindedahl et al.,
2016). Hakala et al. studied the reduction of pentachloronitrobenzene by Fe(II) bound to iron
oxides and found that the reaction is slower in the presence of surface water organic matter isolated
from Pony Lake and Suwannee River (Hakala et al., 2007). Suwannee River Humic Acid (NOM
isolate) was also able to lower the reduction capacity of Fe(II) in goethite suspensions on pcyanonitrobenzene (Colón et al., 2008). Furthermore, humic acid has the greatest inhibitory effect
on the reduction of nitrobenzene by Fe(II) in the presence of magnetite compared to goethite and
hematite (Luan et al., 2013). And also the increased concentration of NOM decreased the
degradation rate of 4-chloronitrobenzene by Fe(II) bound to goethite (Vindedahl et al., 2015).
Therefore, it is necessary to investigate the effect of NOM on the degradation of HBCDD by Fe(II)
bound to iron oxides and the relation of NOM concentration to the degradation rates as the NOM
concentration varies in different environmental systems.
1.6 Open Questions to Be Addressed
In this work, two different types of reactions, i.e., the reaction of HBCDD with reduced sulfur
species and the reaction of HBCDD with Fe(II) bound to iron oxides, were investigated to study
the potential degradation of HBCDD in sediments. The reaction of HBCDD with reduced sulfur
species was performed in a homogeneous system and water/methanol mixtures were used as the
reaction solution due to the low solubility of HBCDD in water. To study the reaction of HBCDD
with reduced sulfur species, the specific goals are (1) to determine the second-order rate constants
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for the reaction of HBCDD with bisulfide or polysulfides; (2) to evaluate the influence of
temperature, water content in water/methanol mixtures and different types of reduced sulfur
species on the reaction; (3) to synthesize the degradation products and then identify the degradation
products of the reaction; (4) to perform computations to identify the most stable conformations for
HBCDD isomers and therefore gain insight into the reaction mechanism of HBCDD with reduced
sulfur species.
To better understand the environmental fate of HBCDD in sediments, it is also necessary to
investigate the reaction of HBCDD in heterogenous system with Fe(II) bound to iron oxides
because of the low aqueous solubility and hydrophobicity of HBCDD. To study the reaction of
HBCDD with Fe(II) bound to iron oxides, the major objectives are (1) to assess the reactivity of
Fe(II) bound to iron oxides toward reductive transformation of HBCDD; (2) to evaluate the effects
of environmental factors such as pH; the concentration of Fe(II) and HBCDD; and the different
types of mineral surfaces on the reduction of HBCDD, (3) to explore the reaction mechanisms in
heterogeneous system, and (4) to identify the products of the reductive transformation of HBCDD
by Fe(II) bound to iron oxides.
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2. Experimental Methods for the Reaction of HBCDD with Reduced Sulfur Species
2.1 Chemicals
1,2,5,6,9,10-Hexabromocyclododecane (99%, TCI), cis,trans,trans-1,5,9-cyclododecatriene
(TCI), bromine liquid (99.5%, Alfa Aesar), ethanol (Fisher Scientific), acetone (J.T. Baker),
CDCl3 (D 99.8%, Cambridge Isotope Laboratories Inc.), tetrahydrofuran (Fisher Scientific), ethyl
acetate (EMD Chemicals), LC-MS grade methanol (Fisher Scientific), LC-MS grade water (Fisher
Scientific), formic acid (for MS, Sigma-Aldrich), sodium sulfide (Na2S9H2O, 98%, EM science),
sodium tetrasulfide (Na2S4, 90+%, Alfa Aesar), sodium thiosulfate pentahydrate (Fisher Scientific),
sodium tetraborate decahydrate (Fisher Scientific), potassium iodide (J.T. Baker) and potassium
iodate (J.T. Baker) were used.
2.2 Experimental Setup
Glassware used in the study was rigorously cleaned. Glassware that had contact with bisulfide was
washed in the hood with tap water and 1 M KOH in methanol solution in order to remove traces
of elemental sulfur impurities. Glassware that had contact with HBCDD was cleaned with soap
and brush once, rinsed with tap water three times, rinsed with acetone twice, rinsed with tap water
once and then rinsed twice with deionized water. The overall experimental setup is displayed in
Fig. 2-1 and the detailed procedures are described below.
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Fig. 2-1. Experimental setup for the reaction of HBCDD with reduced sulfur species.
2.2.1 Reduced Sulfur Species
Bisulfide stock solution (101 mM) was prepared by dissolving sodium sulfide (Na2S9H2O) in
deionized water and polysulfide stock solution (115 mM) was prepared by dissolving sodium
tetrasulfide (Na2S4) in deionized water according to the procedures by Wu and Jans (Wu and Jans,
2006). The stock solutions were stored in an anaerobic chamber under an N2:H2 (95:5) atmosphere
to avoid the contact with oxygen. The concentrations of bisulfide and polysulfide in reaction
solution were determined at the end of every experiment by iodometric titrations with starch
solution as an indicator (Skoog et al., 2004). The total bisulfide concentration ([H2S]T) is the sum
of all hydrogen sulfide species ([H2S] + [HS-] + [S2-]). The total reduced sulfur content ([S(-II)])
in a polysulfide solution is the sum of [H2S]T and [H2Sn]T ([H2Sn]T = [Sn2-] + [HSn-] + [H2Sn] for n
= 2-5). The concentrations of the different polysulfide species (HSn- and Sn2- for n = 2-5) were
calculated based on the measured concentration of S(-II)T, pH, and the equilibrium constants
reported by Giggenbach assuming an excess of S(0) (Giggenbach, 1972). These calculated
concentrations for [Sn2-] were then used to determine the second-order rate constant () for the
reaction of HBCDD with polysulfide. The pH was measured with an Accument pH meter (Fisher
Scientific, Pittsburgh, PA) with a Ross combination pH electrode (ThermoOrion, Beverly, MA).
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2.2.2 Preparation of Reaction Solution
All the experiments were prepared in the anaerobic chamber. HBCDD (0.0641 g) was dissolved
in 10 mL deoxygenated tetrahydrofuran to yield a 10 mM HBCDD stock solution and then this
HBCDD stock solution was diluted with deoxygenated methanol for further use. The reaction
solution was prepared in a 50 mL volumetric flask and the volumetric flask was prefilled with
0.1907 g sodium tetraborate decahydrate to yield a 40 mM borate buffer solution. The appropriate
amount of bisulfide or polysulfide stock solution was added. A small amount of 1 M deoxygenated
hydrochloric acid was also added to adjust pH. Deoxygenated water and methanol were added to
yield the desired solvent composition. The reaction solution in the volumetric flask was transferred
to two 20 mL glass syringes equipped with a polytetrafluoroethylene stopcock and a
polytetrafluoroethylene needle. Each syringe also contained two polytetrafluoroethylene rings to
facilitate reaction solution mixing. Different sets of experiments were conducted with different
initial concentrations of HBCDD in different solvent mixtures at different temperatures. The ratio
of methanol and water in reaction solution is expressed on a volume basis. One of the two syringes
was spiked with HBCDD and then transferred to a water bath. The other syringe was stored in the
anaerobic chamber until further use for pH determination and iodometric titration to determine the
concentration of reduced sulfur species. Experiments were started with 80% methanol/20% water
since this allowed higher initial HBCDD concentration of 1 µM. Experiments in 20% methanol/80%
water only allowed an initial HBCDD concentration of 100 nM.
2.2.3 HBCDD Extraction Procedures
Extractions were taken as 1 mL aliquots of the reaction solution with 1 mL ethyl acetate. In
addition, 2 mL of a 5 M sodium chloride solution was added to the mixture to assist in phase
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separation and to aid in the extraction of HBCDD into the ethyl acetate phase. Liquid
Chromatography with Tandem Mass Spectrometry (LC-MS/MS) was used to analyze the ethyl
acetate extracts.
2.3 Synthesis of TBCDe
Preparing pure degradation products is essential to be able to identify and quantify the degradation
products in the reaction of HBCDD with reduced sulfur species. The potential degradation
products of the reaction of HBCDD with reduced sulfur species are TBCDe, DBCDi or PBCDe.
There are four potential isomers of TBCDe that can form when α-, β-, or γ-HBCDD is losing one
pair of bromines through a concerted reductive debromination. The four isomers are named:
TBCDe-4, TBCDe-5, TBCDe-6 and TBCDe-7; following the nomenclature by Smith and
coworkers (Smith et al., 2005). The four TBCDe isomers were synthesized following the
procedures by Smith and coworkers (Smith, et al., 2005). The structures of TBCDe isomers are in
Fig. 2-2.

Fig. 2-2. Structures of TBCDe isomers
2.3.1 TBCDe-5 by Bromination of cis,trans,trans-1,5,9-cyclododecatriene (CDT)
CDT (3.0 mL, 16.5 mmol) was added into a mixture of 1% ethanol in dichloromethane (30 mL)
and cooled to -78 C in a dry ice/acetone bath. Bromine solution (31.8 mmol) was prepared by
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adding 1.65 mL of bromine liquid into 63.6 mL of 1% ethanol in dichloromethane and slowly
added to the CDT solution under nitrogen pressure. The reaction mixture was stirred for 1 h at
-78 C after the addition was completed. And then stirred for another 2 h at room temperature to
give an orange solution. The solvent was evaporated by Rotavapor (Büchi Heating bath, B-490)
and the crude product was washed with small amounts of ethanol. The purification of the crude
product was achieved by recrystallization with dichloromethane. The product was analyzed by 1H
NMR (Oxford, AS500) and high-performance LC-MS/MS system.
2.3.2 TBCDe-4 by Thermal Rearrangement of TBCDe-5
TBCDe-5 (1.9905 g) was added into a dry 100 mL round bottom flask which was equipped with
a magnetic stirrer and a condenser. The flask was placed in silicone oil bath and the mixture in
flask was heated for 1 h at 180 C, then the flask was removed from the oil bath and cooled to
room temperature. A mixture of ethanol (12 mL) and acetonitrile (8 mL) was added to the crude
product and left overnight. The brown solid was dissolved in acetonitrile and then stirred with
activated charcoal, filtered and concentrated with Rotavapor to give a light brown solid.
Recrystallization with a mixture of ethanol and dichloromethane (60:40) was performed a few
times to purify the crude product.
2.3.3 TBCDe-7 by Bromination of CDT
CDT (4.0 mL, 22 mM) was added into a mixture of ethanol (32 mL) and dichloromethane (8 mL)
and cooled to -78 C in a dry ice/acetone bath while stirring. Bromine solution was prepared by
adding 3.7 mL of liquid bromine into a mixture of ethanol (115 mL) and dichloromethane (29 mL).
The bromine solution was then transferred dropwise into CDT solution under nitrogen pressure.
The reaction mixture was stirred for 1 h at -78 C after the addition was completed. The mixture
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was then allowed to warm up to room temperature and stirred for another 2 h to give an orange
solution. Rotavapor was used to evaporate the solvent at 40 C. And then the crude solid was
washed with ethanol and recrystallized with a mixture of ethanol and dichloromethane (60:40) to
provide pure white crystal of TBCDe-7.
2.3.4 TBCDe-6 by Thermal Rearrangement of TBCDe-7
TBCDe-7 (1.0369 g) was added into a dry 100 mL round bottom flask which was equipped with
a magnetic stirrer and a condenser. The flask was placed in a silicone oil bath and the mixture was
heated for 40 min at 160 C. Then the flask was cooled to room temperature and a mixture of
ethanol and acetonitrile (60:40) was added. The solution was kept in fume hood overnight and then
filtered and washed with ethanol to give a white solid. Recrystallization with a mixture of ethanol
and dichloromethane (80:20) was performed to purify the product.
2.4 LC-MS/MS Analysis
LC-MS/MS (LC20AD, Shimadzu USA/4000 QTrap, Applied Biosystems) is the instrument of
choice to analyze the individual stereoisomers of HBCDD. LC-MS/MS is able to separate all three
main HBCDD isomers easily while GC-MS can only provide one peak for total HBCDD since
HBCDD undergoes thermal rearrangement at temperature above 160 C. The column used for LCMS/MS was a Kinetex C18 column (4.6 mm x 150 mm, 5 μm particle size, 100 Å pore size, double
end capped; Phenomenex, Torrance, CA). The LC-MS/MS methods for HBCDD and TBCDe were
based on previously published method with modifications (Abdallah et al., 2008).
For the analysis of HBCDD, the separation was carried out using a mobile phase of (A) 0.1%
formic acid in water and (B) 0.1% formic acid in methanol at a flow rate of 1 mL/min. The gradient
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program was: an initial B of 85% maintained for 0.5 min, and then increased to 95% B in 2.5 min,
maintained 95% B for 5 min, and then decreased to 85% B in 0.1 min, maintained 85% B for 1
min. MS/MS detection was operated in electrospray negative (ESI) mode and multiple reaction
monitoring (MRM) was used for quantitation of HBCDD isomers based on transitions of 640.80 78.90 and 640.80 - 80.80. The MS conditions are in available in Appendix 1 (Table A1-1).
The development of LC-MS/MS method for TBCDe analysis followed previously published
method with modifications (Abdallah, et al., 2008). A gradient elution using 1:1 methanol/water
with 2 mM ammonium acetate (A) and methanol (B) was carried out at flow rate of 1 mL/min:
starting at 50% B and increased to 100% B in 3 min, maintained 100% B for 5 min, and then
decreased to 65% B in 2.5 min, maintained 65% B for 5.5 min. MS/MS detection was also operated
in ESI mode and the MRM transitions were 481.00–78.90 and 481.00–80.80 for TBCDe. The MS
conditions are in available in Appendix 1 (Table A1-2). It might be worth mentioning that LC-MS
method of TBCDe is significantly less sensitive than the method for HBCDD. This makes the
quantification of TBCDe challenging.
2.5 Computational Details
The computational calculations were performed by Professor Edward G. Hohenstein in the
Department of Chemistry and Biochemistry at The City College of New York to gain insight into
the reaction mechanisms. The potential energy surfaces of -HBCDD, -HBCDD and -HBCDD
have multiple minima that are accessible at room temperature. This allows the identification of the
conformers that are most stable at room temperature. In order to identify as many of these minima
as possible, a simulated annealing approach was applied. The HBCDD molecules were treated
with the general Amber force field (GAFF) (Wang et al., 2004). The molecules were heated from
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0 K to 500 K in a NVT ensemble for 200 ps allowed to equilibrate at this temperature for another
200 ps and cooled to 0 K over the next 200 ps. This cycle was repeated 100 times; the entire
procedure was repeated at temperatures of 550 K to 1000 K (in increments of 50 K). Each unique
minimum identified in this procedure was saved for further analysis.
Each minimum identified through the simulated annealing procedure described above was used as
a starting point for optimization with density functional theory (DFT) at the B3LYP/LANL2DZdp
level of theory (Wilk et al., 1980; Wadt and Hay, 1985; Hay and Wadt, 1985a; b; Yang et al., 1988;
Becke, 1993; Stephens et al., 1994; Check et al., 2001). The conductor-like screening model
(COSMO) was applied to approximate the effect of aqueous solvation (Klamt and Schuurmann,
1993). The vibrational frequencies of each HBCDD structure optimized with DFT were also
computed; the reason for this was two-fold. First, the calculation of the vibrational frequencies
allows the Gibbs free energy differences between the minima to be determined. Second, an analysis
of the frequencies can be used to verify that each minimum is indeed a true minimum (i.e. no
imaginary frequencies are present). All computations were performed using the graphical
processing unit (GPU) accelerated quantum chemistry program, TeraChem (Ufimtsev and
Martí
nez, 2008; Ufimtsev and Martinez, 2009a; b).
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3. Experimental Methods for the Reaction of HBCDD with Fe(II) Bound to Iron Oxides
3.1 Chemicals
1,2,5,6,9,10-Hexabromocyclododecane (99%, TCI), γ-hexabromocyclododecane-13C12 (99%, 50
µg mL-1 in toluene, Cambridge Isotope Laboratories), cis,trans,trans-1,5,9-cyclododecatriene
(TCI), bromine liquid (99.5%, Alfa Aesar), ethanol (Fisher Scientific), acetone (J.T. Baker),
CDCl3 (D 99.8%, Cambridge Isotope Laboratories), tetrahydrofuran (Fisher Scientific), ethyl
acetate (EMD Chemicals), LC-MS grade methanol (Fisher Scientific), LC-MS grade water (Fisher
Scientific), formic acid (for MS, Sigma-Aldrich), 2-(N-morpholino)ethanesulfonic acid
monohydrate (MES, 98%, Beantown Chemical), piperazine-N,N´-bis(2-ethanesulfonic acid)
(PIPES, 98.5+%, Acros Organics), 3-(N-morpholino)propanesulfonic acid sodium salt (MOPS,
98%, Beantown Chemical), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 99%,
Beantown Chemical), iron(II) chloride tetrahydrate (98%, Alfa Aesar), potassium hydroxide
(BDH), potassium nitrate (99.2%, Fisher Scientific), Iron(III) nitrate nonahydrate (Acros), iron(II)
sulfate heptahydrate (99+%, Acros Organics), hydrochloric acid (36.5-38.0%, J.T.Baker), sodium
hydroxide (97+%, Spectrum Chemical), 1,10-phenanthroline (99+%, Alfa Aesar), glacier acetic
acid (99.99+%, Sigma-Aldrich), chromium(II) chloride anhydrous (99.9%, Alfa Aesar), and
Pahokee Peat humic acid (PPHA, International Humic Substances Society, IHSS, 1S103H) were
used.
3.2 Synthesis and Characterization of Magnetite and Goethite
Magnetite was synthesized following the method by David and Welch with modifications (David
and Welch, 1956). In a 2800 mL Erlenmeyer flask, 20 g of potassium hydroxide was dissolved in
1.5 L of MilliQ water and 10 g of potassium nitrate was then added. The solution was heated to
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boiling. Iron(II) sulfate heptahydrate (45 g) was added into 400 mL of MilliQ water with 10 min
ultrasonic mixing to ensure that all the iron(II) salt was dissolved. The iron(II) salt solution was
added into the basic solution at once. The resulting suspension was immediately centrifuged at
2700 g for 5 minutes and washed with hot MilliQ water through three cycles. The precipitated
particles were black and dried for 24 h at 60 C in air.
Goethite was synthesized following a previously published procedure (Böhm, 1925). Iron(III)
nitrate solution (1 M) was prepared by dissolving Fe(NO3)39H2O in MilliQ water. Then, 100 mL
of 1 M iron(III) nitrate solution was transferred into a 2 L polyethylene flask and 180 mL of 5 M
sodium hydroxide was added rapidly with stirring. MilliQ water was added immediately to dilute
the suspension to 2 L. The polyethylene flask was closed with aluminum foil and placed in oven
at 70 C for 60 h. Then the polyethylene flask was removed from the oven and the resulting
suspension was centrifuged at 2700 g for 10 minutes and washed with MilliQ water through three
cycles. The precipitated yellow particles were dried in an oven for three days at 40 C.
The crystal structures of synthesized magnetite and goethite were characterized by X-Ray
Diffraction (XRD) analysis (PANalytical X'Pert Pro powder diffractometer) before being used for
the experiments. The data were recorded in the 2θ range from 10°to 70°with a step size of 0.026°
and 0.5 seconds per step. The total data collection time was 20 minutes and the intensity of the
beam was 40 kV and 40 mA. In addition, goethite collected after a kinetic experiment was also
characterized by XRD to investigate if there was any phase change during the reaction of HBCDD
with Fe(II) bound to goethite. Since green rust might be formed due to the addition of Fe(II) into
the reaction, goethite sample collected after the reaction was characterized by XRD under
anaerobic condition to avoid oxidation. The goethite sample was prepared in anaerobic chamber
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by placing goethite collected after the reaction on a microscope slide, then grease was applied
around goethite and covered with 0.3 mil (1 mil = 0.001 inch) kapton tape to protect the goethite
sample from atmospheric oxygen for several hours. The goethite sample on microscope slide was
then removed from the anaerobic chamber and characterized by XRD immediately. The XRD
patterns for synthesized magnetite, synthesized goethite before and after reaction are available in
results and discussion.
The Brunauer–Emmett–Teller (BET) surface areas and the adsorption and desorption isotherms of
nitrogen at 77 K for the synthesized magnetite and goethite were measured by ASAP 2020
(Micromeritics, Surface Area and Porosity Analyzer). The samples were degassed at 120 °C for
12 h in vacuum to remove humidity or other adsorbed gases before the measurement of BET
surface areas. The BET surface areas for the synthesized magnetite and goethite are also shown in
results and discussion.
3.3 Experimental Setup
3.3.1 Degradation of HBCDD by Fe(II) Bound to Iron Oxides
All experiments were conducted in an anaerobic chamber under an N2:H2 (95:5) atmosphere at
room temperature. MES (pKa 6.15, for pH 6.15 solutions), PIPES (pKa 6.80, for pH 6.80
solutions), MOPS (pKa 7.20, for pH 7.00 and 7.20 solutions) and HEPES (pKa2 7.50, for pH 7.50
solutions) were selected as pH buffers. In order to compensate for the acidity introduced by iron
oxides and Fe(II) solution, the pH buffer solutions were adjusted to the pH higher than desired
using 10 N NaOH or 6 N HCl. Fe(II) solution was prepared by dissolving varied amounts of
FeCl24H2O in deoxygenated water and 36 mM pH buffer was added to stabilize pH. Suspensions
of magnetite or goethite with sorbed Fe(II) were prepared by first adding 25 mg of goethite or 12.5
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mg of magnetite to several 8 mL test tubes. Each test tube was then filled with 5 mL of the prepared
reaction mixture containing FeCl2 ranging from 0 to 6 mM and 36 mM pH buffer. The test tubes
were mixed about their longitudinal axes on a rotator (RotoFlexTM Plus Tube Rotator, Argos) to
equilibrate overnight in the anaerobic chamber (Amonette, et al., 2000). Each test tube containing
mineral suspensions was then spiked with 50 μL of the deoxygenated HBCDD stock solution (100
µM or 10 µM HBCDD in methanol) to initiate the reaction, resulting in an initial concentration of
1.0 μM or 100 nM HBCDD, respectively. The test tubes were mixed by rotating them in the
anaerobic chamber during the experiment and sacrificed for analysis periodically. When samples
were sacrificed at specific time intervals for extraction, the test tube was centrifuged, then the
aqueous phase was pipetted out into a separate test tube and extracted with 2.5 mL ethyl acetate.
The solid phase was also extracted with 2.5 mL ethyl acetate in the original text tube. The ethyl
acetate extracts were then analyzed by LC-MS/MS system.
3.3.2 Degradation of HBCDD by Fe(II) Bound to Iron Oxides with NOM
To explore how NOM affects the reactivity of Fe(II) bound to iron oxides, Pahokee Peat humic
acid (PPHA) was selected because it is a good representative as the NOM present in groundwater.
PPHA stock solution (500 ppm) was prepared by dissolving the 5 mg of dry sample in 10 mL of
deoxygenated MilliQ water and then stand for 30 minutes to allow the undissolved solids
(inorganic residues) to precipitate. The ultraviolet absorption of the PPHA stock solution at
wavelength between 220 nm and 400 nm was measured by UV-Visible spectrophotometer (Cary
50 Bio UV-Visible Spectrophotometer, Varian). Different amount of supernatant in PPHA stock
solution (500 ppm) was added into solution containing 6 mM Fe(II) and 36 mM MOPS buffer (pH
7.00) to yield the concentration of PPHA ranging from 0 to 10 ppm. The reaction mixture (5 mL)
was then transferred into several 8 mL test tubes that were prefilled with 12.5 mg of magnetite.
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The suspensions were equilibrated for 21 hours before spiking with 50 µL of 100 µM HBCDD
stock solution to initiate the reaction with 1 µM HBCDD. Since the analysis of HBCDD isomers
might be affected by matrix effects in the presence of NOM, aqueous and solid phase were
extracted separately with 2.5 mL of ethyl acetate containing 10 nM isotopically-labelled HBCDD-13C12. The ethyl acetate extracts were then analyzed by LC-MS/MS system. The
concentrations of α-, β- and γ-HBCDD were corrected by the recovery of -HBCDD-13C12 after
extraction.
3.3.3 Degradation of HBCDD by Cr(II)
In contrast to Fe(II) bound to iron oxides, Cr(II) is known as one-electron reductant. To investigate
whether a single-electron transfer reductant such as Cr(II) leads to a different product distribution
kinetic experiments were performed with Cr(II). Cr(II) solution was prepared by dissolving CrCl2
in deoxygenated MilliQ water containing 5 mM H2SO4 (pH 2.00-2.10) (Totten, et al., 2001) inside
the anaerobic chamber. Then, 5 mL of the Cr(II) solution was transferred into each test tube and
50 L of 100 M HBCDD stock solution was spiked to initiate the reaction with 1 µM HBCDD.
The samples were then extracted with ethyl acetate periodically. Initial concentration of Cr(II) was
determined by oxidation with excess Fe(III) (Fe(NO3)3). The resulting Fe(II) concentration which
represents the initial concentration of Cr(II) was then determined by using 1,10-phenanthroline as
colorimetric reagent.
3.4 Determination of Fe(II) Concentration
The concentration of Fe(II) was determined by using 1,10-phenanthroline as colorimetric reagent.
To determine the concentration of dissolved Fe(II), the minerals and sorbed Fe(II) were removed
from the aqueous phase by using 0.45 m syringe filter and then 1,10-phenanthroline was used as
24

to assay the filtrate. The total concentration of Fe(II), i.e., dissolved and sorbed Fe(II), was
determined by extracting the suspension with 1.0 N HCl for 90 minutes. The solution was then
filtered and Fe(II) concentration in the extract was determined by using 1,10-phenanthroline. The
difference between the concentration of total and dissolved Fe(II) was calculated as the
concentration of sorbed Fe(II). To avoid oxidation of Fe(II), all the procedures were performed in
the anaerobic chamber. All solutions were prepared in brown volumetric flasks or wrapped with
aluminum foil to avoid the influence of light. The detailed procedure for spectrophotometric
determination of Fe(II) with 1,10-phenanthroline is described below.
Ammonium iron(II) sulfate (Mohr’s salt (NH4)2Fe(SO4)2·6H2O) was used as the source of iron(II)
ions to prepare stock Fe(II) standard solution because the solid has a long shelf life and it is
resistant to oxidation. Stock Fe(II) standard solution (0.18 mM) was prepared by transferring
0.0706 g of pure dry ammonium iron(II) sulfate into 1 L volumetric flask and 100-200 mL of
MilliQ water was added to dissolve ammonium iron(II) sulfate. Then, 2.5 mL of concentrated
sulfuric acid was added and the solution was diluted to the mark with MilliQ water. 1,10phenanthroline solution (0.25%) was prepared by dissolving 250 mg of 1,10-phenanthroline in 100
mL MilliQ water and the solution was heat up if there were any solids remain. Acetate buffer
solution (0.063 M acetic acid/0.1 M sodium acetate) was prepared by dissolving 1.3608 g of
sodium acetate (CH3COONa·3H2O) with MilliQ water a in 100 mL volumetric flask. Then, 0.36
mL of glacial acetic acid was added into the flask and the solution was diluted to mark with MilliQ
water.
To prepare Fe(II) standard calibration solutions, 1.0, 2.5, 5.0, 7.5, 10, 12.5 mL of the stock Fe(II)
standard solution (0.18 mM) was pipetted into each of six 25 mL volumetric flasks, respectively.
Then, 2 mL of the 1,10-phenanthroline solution (0.25%) and 3 mL of acetate buffer solution (0.063
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M acetic acid/0.1 M sodium acetate) were added into each flask. The solutions were diluted to
mark with MilliQ water, mixed and allowed to sit for 10 minutes to fully develop the color. The
absorbance of the solutions was measured at wavelength of 510 nm by using UV-Visible
spectrophotometer.
To determine the concentration of dissolved Fe(II) and total Fe(II) during the kinetic experiments,
0.5 mL or 1 mL of the filtrate and extract were added into each 25 mL volumetric flask that was
prefilled with 2 mL of the 1,10-phenanthroline solution (0.25%) and 3 mL of acetate buffer
solution (0.063 M acetic acid/0.1 M sodium acetate). The solutions were diluted to mark with
MilliQ water and the absorbance was measured at the same wavelength after 10 minutes. Then the
difference between the concentration of total Fe(II) and dissolved Fe(II) is the concentration of
sorbed Fe(II).
3.5 Adsorption Test of HBCDD
Because of the hydrophobicity and low aqueous solubility of HBCDD, there is a high potential for
HBCDD to bound onto the surface of test tubes rather than the iron oxides in the experimental
system. However, it is very difficult for HBCDD bound onto the surface of test tubes to get in
contact with the reactive surface sites on iron oxides and therefore make it unlikely to react with
Fe(II) bound to iron oxides. In order to test the fraction of HBCDD bound onto the surface of the
test tubes and iron oxides, two experiments were performed containing (i) only 1 µM HBCDD at
pH 7.2, and (ii) 1 µM HBCDD with 5 mg mL-1 goethite at pH 7.2. For the experiment of HBCDD
only, the samples were extracted periodically by pipetting the aqueous solution into a separate test
tube and then the original empty test tube and aqueous solution were extracted with 2.5 mL of
ethyl acetate, separately. To extract the samples for the experiment of HBCDD with goethite, the
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suspensions were transferred periodically into a separate test tube and then centrifuged. The
aqueous phase was pipetted into another separate test tube. The original empty test tube, solid
phase and aqueous phase were extracted with 2.5 mL of ethyl acetate, separately. As a control
experiment, the adsorption of 1 µM HBCDD in the absence iron oxides provides an evidence of
whether HBCDD will adsorb onto test tubes and if there is any difference between the adsorption
of α-, β- and γ-HBCDD. In the presence of iron oxides, the adsorption of HBCDD might change
due the adsorption onto iron oxides. The samples were extracted periodically to test how long it
will take for the equilibrium to establish.
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4. Results and Discussion for the Reaction of HBCDD with Reduced Sulfur Species
4.1 Reaction of HBCDD with Bisulfide at 40 C
The reaction of HBCDD with bisulfide at 40 C was assessed with different hydrogen sulfide
concentrations in different solvents. A typical time course for the reaction of 1 M HBCDD with
7.06 mM bisulfide in 80% methanol/20% water at pH 9.73 and 40 C is shown in Fig. 4-1A. The
plot of natural logarithm of HBCDD isomers concentration versus time is linear. It indicates that
the reaction of HBCDD with bisulfide is first-order with respect to HBCDD. The reaction is also
first order with respect to HS-. Because HS- is supplied in great excess, the concentration of HSremains constant and can be combined with the second-order rate constant (k), obtaining the
observed pseudo-first-order rate constant (k or kobs). Then r = k[HBCDD][ HS-] = k[HBCDD].
The slope in Fig. 4-1A represents the observed pseudo-first-order rate constant, k. More kinetic
experiments were repeated at different bisulfide concentration and the hydrolysis experiments
were carried out without adding bisulfide or polysulfide. And the time courses for these kinetic
experiments are available in Appendix 2. The second-order rate constant (k) was determined by
plotting k versus the bisulfide concentration (Fig. 4-1B). The slope in Fig. 4-1B yielded the
second-order rate constants for -HBCDD, -HBCDD and -HBCDD. Fig. 4-1B includes also the
second-order rate constants for hydrolysis experiments when the total H2S concentration is zero.
As expected, the reactions of bisulfide with -HBCDD and -HBCDD are much faster than
hydrolysis and it indicates that bisulfide can play an important role for the degradation of HBCDD.
In order to have more environmentally relevant reaction conditions, the content of water was
increased. Experiments of HBCDD with bisulfide in 50% methanol/50% water and 20%
methanol/80% water were carried out at the same pH and temperature as well. However, these
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experiments required lower initial concentrations of HBCDD. The experiments with 20%
methanol/80% water had an initial concentration of HBCDD of 10 nM. The time courses for the
kinetic experiments and second-order rate constants determination plots for the reactions of
HBCDD with bisulfide in 50% methanol/50% water and 20% methanol/80% water are available
in Appendix 3 and 4, respectively. Table 4-1 summarized the second-order rate constants in
different solvent composition at 40 C. The uncertainties reflect the 95% confidence limit and it is
reported as t95% (t-value for 95% confidence limit) times standard deviation of slope in secondorder rate constants determination plot.
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Fig. 4-1. (A) Plot of Ln(CHBCDD/C0) versus time for 1 M HBCDD reacting with 7.06 mM bisulfide,
80% methanol/20% water, pH 9.73, 40 C. (B) Second-order rate constants determination plot of
1 M HBCDD reacting with bisulfide, 80% methanol/20% water, pH 9-10, 40 C. The slope
represents the corresponding second-order rate constant for HBCDD isomers.
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Table 4-1. Second-order rate constants determined for HBCDD reacting with bisulfide at 40 C
[HBCDD]0

1 μM

1 μM

10 nM

Solvent

80% methanol/20% water

50% methanol/50% water

20% methanol/80% water

Temperature

40 C

40 C

40 C

k [M-1s-1]

2.3 (±10.2) ×10-5

4.2 (±3.4) ×10-5

1.4 (±0.9) ×10-4

k [M-1s-1]

2.8 (±0.5) ×10-4

5.7 (±3.1) ×10-4

2.0 (±1.0) ×10-3

k [M-1s-1]

4.9 (±2.0) ×10-4

8.1 (±4.7) ×10-4

3.1 (±0.7) ×10-3

From Fig. 4-1 and the second-order rate constants in Table 4-1, we can conclude that -HBCDD
is reacting significantly faster with bisulfide than -HBCDD. Table 4-1 also indicates that solvent
composition affects the reaction rate. The reaction in 50% methanol/50% water is approximately
twice as fast as the reaction in 80% methanol/20% water. And the reaction in 20% methanol/80%
water is approximately three and half times as faster as the reaction in 50% methanol/50% water.
Therefore, it can be concluded that the reaction of HBCDD with bisulfide is faster in higher
percentage of water. As mentioned earlier, it is likely that bisulfide reacts with HBCDD via a
concerted reductive debromination mechanism (see Fig. 1-2B). The transition state in this
concerted mechanism has a partial charge. The charged transition state is more stabilized in more
polar solvent which makes it more stable in water than in methanol. This could potentially explain
why the reaction of HBCDD with bisulfide is faster in a more polar solvent (e.g. 20% methanol/80%
water). Li et al. reported that the rate of HBCDD transformation by FeS in water/ethanol mixtures
increased linearly as the ethanol content decreased from 80% to 2% (Li et al., 2016). This result is
consistent with our observation that the reaction is faster in higher percentage of water.
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4.2 Reaction of HBCDD with Bisulfide and Polysulfide at 25 C
The reaction of HBCDD with bisulfide at 25 C was performed in 20% methanol/80% water with
initial HBCDD concentration of 10 nM. The time courses and second-order rate constants
determination plot are available in Appendix 5. John H. Wilson performed the kinetic experiments
for the reaction of HBCDD with polysulfide at 25 C in 20% methanol/80% water with initial
HBCDD concentration of 100 nM. The second-order rate constants for -HBCDD, -HBCDD
and -HBCDD are shown in Table 4-2 (the uncertainties reflect the 95% confidence limit).
Compared with the second-order rate constants for HBCDD with bisulfide at 40 C in the same
solvent composition provided in Table 4-1, it can be found that when the temperature increased
from 25 C to 40 C, the reaction increased approximately by a factor of two for -HBCDD and
-HBCDD. Since the reaction of -HBCDD with bisulfide is very slow and the relative error of
these slow reaction rate constants is very large, an interpretation of the temperature dependence
for -HBCDD with bisulfide is not possible.
The determined second-order rate constants shown in Table 4-2 indicates that the reaction of
HBCDD with polysulfide are significantly faster than with bisulfide. The ratio of k ′′
/k ′′
HS− is 5.5
S2−
n
for -HBCDD, 7 for -HBCDD and 4.5 for -HBCDD. The greater reactivity of polysulfide
compared to bisulfide reflects that polysulfide is a stronger reductant.
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Table 4-2. Second-order rate constants determined for HBCDD reacting with bisulfide and
polysulfide at 25 C
[HBCDD]0

10 nM

100 nM

Solvent

20% methanol/80% water

20% methanol/80% water

Sulfur species

bisulfide

Polysulfide

k [M-1s-1]

1.2 (±1.0) ×10-4

6.6 (±7.3) ×10-4

k [M-1s-1]

9.0 (±6.3) ×10-4

6.3 (±6.4) ×10-3

k [M-1s-1]

1.5 (±1.0) ×10-3

6.7 (±12.5) ×10-3

It should be noted that the experiments with polysulfide are challenging. Polysulfide solutions in
20% methanol/80% water can get turbid, due to the elemental sulfur that is part of the bisulfide –
polysulfide equilibrium. The presence of elemental sulfur might affect the dissolved HBCDD
concentration and therefore it could affect the observed reaction rate. The potential sorption of
HBCDD to elemental sulfur could explain why the error for polysulfide experiments are higher
than for bisulfide experiments. However, it is worth mentioning that in all experiments it was
observed that -HBCDD and -HBCDD react significantly faster than -HBCDD.
4.3 Identification of Degradation Products
Previous work conducted by Lo et al. (Lo et al., 2012) indicated that two unknown products were
observed during the reaction of HBCDD with reduced sulfur species. One of the products was
thought to be TBCDe based on the GC-MS information collected. However, no authentic standards
were used and no additional information was provided to support their hypothesis of the product
being TBCDe. In order to more conclusively identify the products, the four TBCDe isomers were
synthesized following the procedures mentioned above. It was possible to obtain pure TBCDe-5
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after consecutive recrystallization. The melting point (Mel-Temp apparatus) was determined to be
166-168 C, which is close to the literature value (167-169 C) (Smith et al., 2005). The
synthesized TBCDe-5 was also analyzed by 1H NMR at 25.0 C and 500 MHz in CDCl3 and the
1

H NMR spectrum is shown in Fig. 4-2.

Fig. 4-2. 500 MHz 1H NMR spectrum of TBCDe-5 in CDCl3 at 25 C.
The peak that appears at 7.260 ppm (chemical shift) is from the solvent CDCl3. The singlet peaks
at 5.604 and 5.479 ppm indicate the two hydrogens from the carbon-carbon double bond. The
peaks at 4.587, 4.484, 4.153 and 4.047 ppm indicate the four hydrogens that are bonded to carbonbromine. The multiplet from 1.540-2.600 ppm indicates the twelve hydrogens that are bonded to
the carbons without bromine.
A method was also developed to analyze TBCDe by LC-MS/MS (Table 2-2). The liquid
chromatograms for the synthesized TBCDe and one of the reaction samples are shown in Fig. 434

3. In the chromatogram of 2.39 mM TBCDe-5 (Fig. 4-3A), the two transitions (481.00-78.90 and
481.00-80.80) are present at retention time of 4.50 min. Pure TBCDe-4 was unable to be obtained.
In the chromatogram of 2.31 mM TBCDe-4 (Fig. 4-3B), two peaks were observed with the
transitions for TBCDe. One peak at retention time of 4.51 min and the other peak at retention time
4.62 min. This indicates a mixture of TBCDe-4 and TBCDe-5 and the retention time of TBCDe-4
being 4.62 min. Similarly, in the chromatogram of 1.66 mM synthesized TBCDe-7 (Fig. 4-3C),
two peaks were observed and the two transitions are present at retention time of 4.51 min and 4.75
min, which indicates a mixture of TBCDe-5 and TBCDe-7 and a retention time for TBCDe-7 of
4.75 min. In the chromatogram of 1.23 mM synthesized TBCDe-6 (Fig. 4-3D), the two transitions
are present at retention time of 4.57 min and 4.75 min, which indicates a mixture of TBCDe-6 and
TBCDe-7 and a retention time for TBCDe-6 of 4.57 min. As a conclusion, the retention times for
TBCDe-4, TBCDe-5, TBCDe-6 and TBCDe-7 are 4.62 min, 4.50 min, 4.57 min and 4.75 min,
respectively.
In the chromatogram of a reaction sample (Fig. 4-3E) extracted after two weeks during the reaction
of 250 µM HBCDD with 10 mM bisulfide in 80% methanol/20% water at 25 °C, only one peak
with the transitions for TBCDe was observed. The retention time for that peak was 4.49 min which
is very close to the retention time of TBCDe-5 standard. This finding strongly supports our
hypothesis that TBCDe is a product of the reaction of HBCDD with reduced sulfur species. In
addition, it is very likely that the TBCDe-5 isomer is the only major TBCDe isomer formed in this
reaction.
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Fig. 4-3. The liquid chromatograms for the synthesized TBCDe and one of the reaction samples:
(A) Liquid chromatogram of 2.39 mM TBCDe-5; (B) Liquid chromatogram of 2.31 mM TBCDe4; (C) Liquid chromatogram of 1.66 mM TBCDe-7; (D) Liquid chromatogram of 1.23 mM
TBCDe-6; (E) Liquid chromatogram of a reaction sample. HBCDD is in red and TBCDe is in
green.
4.4 Reaction of TBCDe-5 with Bisulfide and Polysulfide at 40 C
Ariel J. Lawson conducted the kinetic experiments for the reaction of TBCDe-5 with bisulfide and
polysulfide at 40 °C. The reaction of TBCDe-5 with bisulfide at 40 C was performed with the
initial TBCDe-5 concentration of 100 M and the bisulfide concentration of 9.55 mM in 80%
methanol/20% water at pH 9.11. The reaction of TBCDe-5 with polysulfide at 40 C was
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performed with the initial TBCDe-5 concentration of 60 M and the polysulfide concentration of
3.10 mM at pH 9.38 in 80% methanol/20% water. The second-order rate constant was determined
to be 1.0 ×10-4 M-1s-1 for the reaction of TBCDe-5 with bisulfide and 1.0 ×10-3 M-1s-1 for the
reaction of TBCDe-5 with polysulfide. Lo et al. reported that the second-order rate constants of
total HBCDD isomers with bisulfide and polysulfide under the same conditions are 8.9 (± 2.8)
×10-4 M-1s-1 and 2.2 (± 0.3) ×10-2 M-1s-1, respectively (Lo et al., 2012). This result indicates that
the reaction of degradation product TBCDe-5 with bisulfide is approximately 10 times slower than
the reaction of HBCDD with bisulfide and the reaction of TBCDe-5 with polysulfide is
approximately 20 times slower than the reaction of HBCDD with polysulfide.
4.5 Computational Modeling
The difference in reactivity of -HBCDD, -HBCDD and -HBCDD might be related to the threedimensional arrangement of the vicinal bromines in the most stable conformations. The working
hypothesis is that the difference in reaction rates can be understood on the basis of the dihedral
angle between these bromine atoms (Br-C-C-Br). Conformers containing one or more large
dihedral angles will exhibit faster reaction rates (see Fig. 1-2). The reaction of HBCDD with
reduced sulfur species is thought to undergo concerted debromination mechanism, therefore a
dihedral angle close to 180˚ is necessary. HBCDD conformers with small dihedral angles for all
three pairs of bromine make the concerted debromination reaction unlikely. An analysis of these
dihedral angles for low-lying conformers of -HBCDD, -HBCDD and -HBCDD should provide
insight into their reactivity.
The potential energy surface of HBCDD contains many low-lying minima that are thermally
accessible at room temperature. By applying Boltzmann statistics to the free energy differences
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between these structures, it is possible to estimate the equilibrium population of each conformer.
Our DFT analysis of the HBCDD potential energy surfaces identified a large number of local
minima: 57, 140, and 92 for -HBCDD, -HBCDD and -HBCDD, respectively. The populations
of the 31 most stable conformers of -HBCDD, -HBCDD and -HBCDD are shown in Fig. 4-4
at 298 K. The -HBCDD stereoisomer has two dominant conformers that account for 99.2% of
the population at room temperature. The most stable conformer with a large (158˚) dihedral angle
is 22 kJ mol-1 higher in energy than the -HBCDD global minimum; this corresponds to a
population of approximately 10-4 and is consistent with the reduced reactivity of this stereoisomer.
The other two stereoisomers, -HBCDD and -HBCDD, have a far greater number of low-lying
conformers. -HBCDD has 44 minima within 21 kJ mol-1 of its global minimum and -HBCDD
has 28; in contrast, -HBCDD has only 5 such minima and none have a dihedral angle greater than
80˚. The -HBCDD stereoisomer has the highest-lying minimum with a large (149˚) dihedral angle
that is 9.2 kJ mol-1 above its global minimum (the structures of the global minimum and of the
most stable conformer of -HBCDD with a large dihedral angle are shown in Fig. 4-5). In total, HBCDD is estimated to have a population of 1.410-4 in conformations with large (greater than
120) dihedral angles; -HBCDD and -HBCDD have populations of 0.013 and 0.035,
respectively. The populations obtained from the DFT computations are consistent with the
experimental trends in the reactivity; this supports the hypothesis that conformations containing
large dihedral angles are more susceptible to the concerted reductive debromination.
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Fig. 4-4. The predicted thermal populations (at 298 K) of the 31 most stable conformers of HBCDD, -HBCDD and -HBCDD. The populations are estimated from a Boltzmann distribution
constructed using the Gibb's free energy difference between each of the structures. Conformers
with larger populations are expected to be more important to the observed reaction
kinetics. Conformers containing one or more dihedral angles greater than 120°are marked with an
‘X’.
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Fig. 4-5. The structures of (a) the conformer for -HBCDD with the lowest energy, and (b) the
most stable conformer of -HBCDD with a large dihedral. The values of angles represent the
dihedral angles between a pair of vicinal bromines (purple atoms).

42

5. Results and Discussion for the Reaction of HBCDD with Fe(II) Bound to Iron Oxides
5.1 Characterization of Magnetite and Goethite
The crystal structures of synthesized magnetite and goethite were confirmed by XRD. The XRD
pattern for synthesized magnetite (Fig. 5-1A) does not show the presence of any minerals other
than magnetite. And the XRD pattern for synthesized goethite (Fig. 5-1B) also indicates it is pure
goethite. The adsorption and desorption isotherms of nitrogen at 77 K and the BET surface areas
of the synthesized magnetite and goethite are shown in Fig. 5-2. The BET surface areas are 26.8
m2 g-1 for magnetite and 32.5 m2 g-1 for goethite. Both isotherms present a typical type III behavior
showing only pronounced gas uptake at high relative pressure (0.8<P/Po<1). This characteristic
suggests the presence of macropores (Sing, 1982). The lack of substantial increment in adsorption
quantity at low relative pressure and the missing of hysteresis loops in intermediate relative
pressure indicate no micropores and mesopores were detected (Sing, 1982). Taking together, the
nitrogen physisorption tests clearly display that the synthesized materials do not contain a large
amount of small pores. The macropores could be ascribed to inter-particle gap or cavities.
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(A)

(B)

Fig. 5-1. XRD patterns for synthesized (A) magnetite and (B) goethite. The red lines indicate the
peaks for (A) magnetite (reference code: 04-012-7038) and (B) goethite (reference code: 00-290713) in PDF4+ database from International Centre for Diffraction Data (ICDD).

44

(A)
Adsorption
Desorption

Quantity Adsorbed (cm3 g-1)

100

80

BET surface area: 26.8 m2 g-1
60

40

20

0
0.0

0.2

0.4

0.6

0.8

1.0

Relative Pressure (P/P0)
(B)
Adsorption
Desorption

Quantity Adsorbed (cm3 g-1)

80

60

BET surface area: 32.5 m2 g-1
40

20

0
0.0

0.2

0.4

0.6

0.8

1.0

Relative Pressure (P/P0)

Fig. 5-2. Adsorption and desorption isotherms of synthesized (A) magnetite and (B) goethite
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5.2 Adsorption Test of HBCDD
In the absence of iron oxides, there is a significant amount of HBCDD adsorbed onto the test tube
surface for the experiment with 1 µM HBCDD only at pH 7.2. The first sample was extracted after
1.2 hours. The equilibrium was established after 3.9 hours when the second sample was extracted
and no obvious change was observed after that within three days. The fraction of α-, β- and γHBCDD bound onto the test tube surface are 61 (±2) %, 76 (±2) % and 83 (±5) % at equilibrium,
respectively. This can be explained by the different water solubility of individual HBCDD isomers.
α-HBCDD is the most soluble isomer, followed by β-HBCDD and then γ-HBCDD. However, in
the presence of 5 mg mL-1 goethite, a smaller fraction of HBCDD isomers (less than 20% for αHBCDD, 30% for β-HBCDD and 10% for γ-HBCDD at equilibrium) bound onto the test tube
surface which indicates that goethite has a much higher adsorption capacity than the test tube
surface. And the adsorption of HBCDD isomers changed over time. The equilibrium distribution
for α-HBCDD and β-HBCDD was reached within the first day, while it took more than one day
for γ-HBCDD to establish equilibrium. The surface area of 8 mL test tube was calculated to be
around 37.4 cm2. Compared with the surface area of the 25 mg of goethite added into each 8 mL
test tube of 8125 cm2 (determined based on the BET surface area determination of the synthesized
goethite), the surface area of test tube is relatively small. Therefore, the amount of HBCDD sorbed
onto test tube surface might have no effect on the determined reaction rate constants during a
kinetic experiments for the reaction of HBCDD with Fe(II) bound to iron oxides.
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5.3 Reaction of HBCDD with Fe(II) Bound to Magnetite
5.3.1 Stereoisomer Specific Degradation of HBCDD
The degradation of HBCDD was observed with Fe(II) bound to magnetite. Fig. 5-3 shows a typical
example of the reaction of 1 µM HBCDD in the presence of 2.5 mg L-1 magnetite and an initial
concentration of 6.0 mM Fe(II) at pH 7.17 and 27 C. The plots of natural logarithm of HBCDD
isomers concentration versus time is linear, which indicates that the reaction of HBCDD with Fe(II)
bound to magnetite is first-order with respect to HBCDD. The slope in the plot represents the
observed pseudo-first-order rate constant, kobs. It was observed that the three predominant isomers
in technical HBCDD mixture (, , -HBCDD) show different reactivity with Fe(II) bound to
magnetite. -HBCDD and -HBCDD are reacting significantly faster with Fe(II) bound to
magnetite than -HBCDD. This result indicates that HBCDD might also be reduced by Fe(II)
bound to magnetite via a concerted anti-elimination pathway.
Control experiments containing Fe(II) only or magnetite only were also conducted and shown in
Fig. 5-3. No significant HBCDD degradation occurred within ten days in the absence of Fe(II) or
magnetite. This observation implies that Fe(II) or magnetite by itself is unreactive, however Fe(II)
bound to the surface of magnetite can play an important role for the degradation of HBCDD. This
result is consistent with the studies of Klausen et al. and Amonette et al. who demonstrated that
Fe(II) bound to magnetite could reduce 4-chloronitrobenzene while dissolved Fe(II) alone or
magnetite alone was unreactive (Klausen et al., 1995) and carbon tetrachloride was dechlorinated
by Fe(II) bound to goethite much faster than aqueous solution of Fe(II) only (Amonette et al.,
2000). Authors who studied this phenomenon have proposed several hypotheses. The most
common hypothesis is that Fe(II) forms complexes with the surface hydroxyl groups and increases
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the electron densities around the centers of Fe(II) bound to iron oxides (Stumm, 1992; Amonette
et al., 2000; Elsner et al., 2004). As a result, Fe(II) bound to iron oxides has a more negative
reduction potential (EH) value, i.e., more reducing, than dissolved Fe(II) alone in the same system.
However, the validity of this hypothesis has been questioned by some researchers which found
that Fe(II) does not form stable adsorbed complexes on the surface of iron oxides (Silvester et al.,
2005; Larese-Casanova and Scherer, 2007; Gorski and Scherer, 2009; 2011; Zarzycki et al., 2015).
The second hypothesis is that the presence of iron oxides changes the Fe(II) oxidation product and
therefore changes the redox reaction rates (Felmy et al., 2011; Felmy et al., 2011). In the absence
of iron oxides, Fe(II) oxidizes and forms Fe(III) complexes and ferrihydrite (Schwertmann et al.,
1984). When Fe(II) oxidizes in the presence of iron oxides, it forms thermodynamically stable iron
oxides (e.g., goethite, lepidocrocite) that have more negative Gibbs free energy value (i.e., more
negative EH value) than metastable ferrihydrite (Chun et al., 2006; Larese-Casanova et al., 2012).
The validity of this hypothesis has been tested and confirmed by the thermodynamic studies
performed by Gorski et al. and Stewart et al. (Gorski et al., 2016; Stewart et al., 2018).
Consequently, this hypothesis can explain why Fe(II) bound to iron oxides can reduce HBCDD
far more quickly than aqueous solution of dissolved Fe(II) only.
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Fig. 5-3. Plot of Ln(CHBCDD/C0) versus time for the reaction of 1 µM HBCDD in the presence of
2.5 mg L-1 magnetite and an initial concentration of 6.0 mM Fe(II) at pH 7.17 and 27 C. The slope
represents the corresponding observed pseudo-first-order rate constant (kobs) for HBCDD isomers.
5.2.2 Effect of pH
The effect of pH on the reaction of HBCDD with Fe(II) bound to magnetite was explored. Kinetic
experiments were repeated at different pH for the reaction of 1 µM HBCDD in the presence of 2.5
mg L-1 magnetite and an initial concentration of 6.0 mM Fe(II) at room temperature. The actual
pH values of the pH-buffered magnetite suspensions with Fe(II) were 7.17, 6.98, 6.78, 6.15. The
time courses for the kinetic experiments of HBCDD with Fe(II) bound to magnetite at different
pH are available in Appendix 6. HBCDD concentrations in the aqueous phase and solid phase
were measured separately, therefore, kobs for individual HBCDD isomers were reported separately
for aqueous and solid phase in Table 5-1. Total kobs was determined by calculating the total
concentration of HBCDD in the reaction suspension from the concentrations in the aqueous and
solid phase and then plotting Ln(CHBCDD/C0) versus time. Table 5-1 summarizes the density of
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sorbed Fe(II) and kobs for the reaction of individual HBCDD isomers with Fe(II) bound to
magnetite at various pH. Fig. 5-4 is a plot of the density of sorbed Fe(II) and total kobs of β-HBCDD
and γ-HBCDD versus pH. The kobs of α-HBCDD is not included in Fig. 5-4 because the reaction
was too slow for α-HBCDD.
The Fe(II) adsorption onto magnetite is strongly pH-dependent and the density of sorbed Fe(II)
increased with increasing pH when an initial concentration of 6 mM Fe(II) (sufficient to saturate
the magnetite surface at various pH) was added into 2.5 mg mL-1 magnetite suspensions. The pH
of zero point of charge (pHzpc) for magnetite surface is 6.4-6.85 (Regazzoni et al., 1983). Within a
pH region of pHzpc ±2, the magnetite surface becomes more negatively charged and therefore more
Fe(II) bound onto goethite with increased pH (Klausen et al., 1995; Amonette et al., 2000). As
expected, the degradation reaction of HBCDD with Fe(II) bound to magnetite is faster with
increased pH. And the reaction is significantly fast when the pH is higher than 6.8. Gorski et al.
and Stewart et al. studied the redox reaction thermodynamically in the reduction reaction of
nitrobenzenes by Fe(II) bound to iron oxides and found that the EH values were more negative at
higher pH (Gorski et al., 2016; Stewart et al., 2018). This can support our observation that the
degradation of HBCDD by Fe(II) bound to iron oxides is more quickly at higher pH. Note that,
the kinetic experiments for the reaction of HBCDD with Fe(II) bound to magnetite were never
performed at pH above 7.2 because adding Fe(II) and magnetite into pH buffer will lower the
initial pH and the initial pH cannot be higher than 8.0 to prevent the possible precipitation of iron
hydroxides.
If we compare the kobs in aqueous and solid phase for β- and γ-HBCDD separately, we can observe
that the difference between kobs in aqueous and solid phase for γ-HBCDD is larger than for βHBCDD. As mentioned above in adsorption test of HBCDD, it takes much longer for γ-HBCDD
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to develop equilibrium between aqueous and solid phase than β-HBCDD. Therefore. the
concentration of γ-HBCDD in aqueous phase was not decreased at the same rate as in solid phase
due to the reduction and also adsorption. As a result, the kobs for γ-HBCDD in aqueous phase is
much larger than in solid phase.
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Fig. 5-4. Sorption of Fe(II) onto magnetite (left axis) and observed pseudo-first-order rate
constants for the reaction of 1 µM HBCDD (kobs, right axis) in the presence of 2.5 mg mL-1
magnetite and an initial concentration of 6 mM Fe(II) at various pH values.
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Table 5-1. The density of sorbed Fe(II) and observed pseudo-first-order rate constants for the reaction of 1 µM HBCDD in the presence of 2.5 mg mL-1 magnetite and an initial concentration
of 6 mM Fe(II) at various pH values
pH

7.17

Fe(II)sorbed

1.24

(mmol g-1)

6.98

6.78

6.15

1.20

1.03

0.84

kobs (h-1)

total

aqueous

solid

total

aqueous

solid

total

aqueous

solid

total

aqueous

solid

-HBCDD

5.2(±2.1) ×10-2

1.1(±1.0) ×10-2

6.7(±1.7) ×10-2

2.9(±1.7) ×10-2

NA

3.9(±1.1) ×10-2

7.3(±3.3) ×10-4

NA

8.9(±2.7) ×10-4

NA

NA

NA

-HBCDD

2.6(±0.5) ×10-1

3.3(±0.5) ×10-1

2.5(±0.3) ×10-1

2.2(±0.6) ×10-1

2.5(±0.3) ×10-1

2.2(±0.4) ×10-1

1.3(±0.1) ×10-2

1.3(±0.2) ×10-2

1.2(±0.1) ×10-2

1.5(±0.3) ×10-3

NA

1.8(±0.4) ×10-3

-HBCDD

1.5(±0.2) ×10-1

2.2(±0.5) ×10-1

1.3(±0.1) ×10-1

9.9(±3.0) ×10-2

1.9(±0.4) ×10-1

9.2(±1.8) ×10-2

NA

NA

8.9(±2.7) ×10-4

NA

NA

NA

The uncertainties reflect the 95% confidence limit and it is reported as t95% (t-value for 95% confidence limit) times standard deviation of slope in observed pseudo-first-order rate constant determination plot.
NA = Not Available, NA is presented in the table because the reactions are too slow and kobs are smaller than their uncertainties.
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5.3.3 Effect of Initial Concentration of Fe(II) and HBCDD
It is interesting to find that the initial concentration of Fe(II) had significant effects on the
degradation of HBCDD. The initial Fe(II) concentration of 6 mM is sufficient to saturate the
surface of 2.5 mg L-1 magnetite and therefore left some dissolved Fe(II) in the aqueous phase. As
shown in Fig. 5-3, the reaction of 1 µM HBCDD is very fast in the presence of 2.5 mg L-1 magnetite
and an initial concentration of 6.0 mM Fe(II) at pH 7.17. And the total kobs values for α-HBCDD,
β-HBCDD and γ-HBCDD are 5.2(±2.1) ×10-2 h-1, 2.6(±0.5) ×10-1 h-1 and 1.5(±0.2) ×10-1 h-1,
respectively, as shown in table 5-1. However, for the reaction of 1 µM HBCDD in the presence of
2.5 mg L-1 magnetite and an initial concentration of 4.0 mM Fe(II) at the same pH, the kobs values
for α-HBCDD, β-HBCDD and γ-HBCDD are 0, 1.1(±0.7) ×10-2 h-1 and 0, respectively (Fig. 5-5A).
This result show that when the initial concentration of Fe(II) is reduced from 6 mM to 4 mM, the
reaction was much slower. When 4 mM Fe(II) was added into the suspension, all Fe(II) bound
onto magnetite and left no dissolved Fe(II) in the aqueous phase. The density of sorbed Fe(II) is
1.25 mmol g-1 which is close to the density of sorbed Fe(II) (1.24 mmol g-1, Table 5-1) when 6
mM Fe(II) was added. It suggests that the concentration of dissolved Fe(II) in the aqueous phase
also affects the reaction of HBCDD with Fe(II) bound to magnetite. A similar phenomenon was
report by Williams and Scherer that nitrobenzene was reduced by Fe(II) bound to iron oxides only
when aqueous Fe(II) was present (Williams and Scherer, 2004). However, this observation
contradicts with the hypothesis that Fe(II) bound to iron oxides is a strong reductant. The study
performed by Stewart et al. explained this puzzling observation by suggesting that lowering the
concentration of Fe(II) in aqueous phase would make the EH values more positive (Stewart et al.,
2018).
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Fig. 5-5B is a plot of natural logarithm of HBCDD isomers concentration versus time for the
reaction of 100 nM HBCDD in the presence of 2.5 mg L-1 magnetite and an initial concentration
of 6.0 mM Fe(II) at pH 7.17. And the total kobs values for α-HBCDD, β-HBCDD and γ-HBCDD
are 2.9(±3.0) ×10-2 h-1, 1.5(±0.5) ×10-1 h-1 and 9.4(±3.1) ×10-2 h-1, respectively. Compared with the
kobs values mentioned above for the reaction of 1 µM HBCDD in the presence of 2.5 mg L-1
magnetite and an initial concentration of 6.0 mM Fe(II) at pH 7.17, the reaction is slower when
the initial concentration of HBCDD decreased from 1 µM to 100 nM. A similar phenomenon was
reported by Li et al. who studied the degradation of HBCDD by FeS (Li et al., 2016). Our results
suggest that the concentration of aqueous Fe(II) and HBCDD in sediments should be considered
as very important parameters when predict the environmental fate of HBCDD in sediments.
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Fig. 5-5. Plot of Ln(CHBCDD/C0) versus time for (A) the reaction of 1 µM HBCDD in the presence
of 2.5 mg L-1 magnetite and an initial concentration of 4.0 mM Fe(II) at pH 7.17 and 27 C; and
(B) the reaction of 100 nM HBCDD in the presence of 2.5 mg L-1 magnetite and an initial
concentration of 6.0 mM Fe(II) at pH 7.17 and 27 C.
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5.2.4 Effect of NOM
The possibility of matrix effects in the LC-MS/MS analysis of HBCDD from experiments that
contained NOM was explored by extracting the samples with ethyl acetate containing 10 nM
isotopically-labelled -HBCDD-13C12. The recovery of -HBCDD-13C12 was determined by
dividing the concentration of -HBCDD-13C12 after the extraction by the concentration of HBCDD-13C12 before the extraction (10 nM). And the recovery is 102 (±7) % which indicates the
matrix effect can be negligible. In addition, the matrix effect is very important especially when
absolute concentration needs to be determined. However, our study focuses on the change of
concentration over time and therefore the matrix effect would not affect the reaction rates of
HBCDD with Fe(II) bound to iron oxides.
The UV-Vis spectrum of 500 ppm PPHA stock solution is available in Appendix 7 and the
absorbance at wavelength of 254 nm is 0.70. The concentration of organic carbon (OC) in PPHA
was calculated based on the amount of PPHA added into the reaction mixture and the elemental
composition (ash: 1.12%; C: 56.37%) reported by IHSS. The concentrations of PPHA were 1 ppm,
5 ppm and 10 ppm. The undissolved ash (1.12%) was subtracted from the PPHA concentration
and then the elemental composition of carbon (56.37%) was used to calculate the concentration of
OC in PPHA. Fig. 5-6 shows the sorption of Fe(II) onto magnetite and the observed pseudo-first
order rate constants for degradation of HBCDD by Fe(II) bound to magnetite as a function of
PPHA concentrations. The density of sorbed Fe(II) and kobs with different concentration of PPHA
are also summarized in Table 5-2. The uncertainties reflect the 95% confidence limit and it is
reported as t95% (t-value for 95% confidence limit) times standard deviation of slope in observed
pseudo-first-order rate constant determination plot (available in Appendix 8). The rate of HBCDD
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degradation by Fe(II) bound to magnetite decreased when the concentration of PPHA
concentration increased from 0 to 5.57 ppm in OC. PPHA could also inhibit the sorption of Fe(II)
onto magnetite as the sorbed Fe(II) density decreased with increasing PPHA concentration. A
similar phenomenon was also observed by several studies performed to investigate the effect of
NOM on the degradation of nitroaromatic compounds by Fe(II) bound to iron oxides (Colón, et
al., 2008; Luan, et al., 2013; Vindedahl, et al., 2015). The authors hypothesized that NOM
competed for reactive surface sites and blocked the reactive surface sites from reacting with
nitroaromatic compounds. It was reported that NOM could also complex with Fe(II) and therefore
prevent the sorption of Fe(II) onto iron oxide surfaces (Liang et al., 1993; Rose and Waite, 2003).
In conclusion, the inhibition of HBCDD degradation by Fe(II) bound to magnetite in the presence
of NOM can be explained by the Fe(II) complexation and competition for reactive surface sites by
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Fig. 5-6. Sorption of Fe(II) onto magnetite (left axis) and observed pseudo-first-order rate
constants for the reaction of 1 µM HBCDD (kobs, right axis) with different PPHA concentrations
in the presence of 2.5 mg mL-1 magnetite and an initial concentration of 6 mM Fe(II) at pH 7.0.
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Table 5-2. The density of sorbed Fe(II) and observed pseudo-first-order rate constants for the
reaction of 1 µM HBCDD with different PPHA concentrations in the presence of 2.5 mg mL-1
magnetite and an initial concentration of 6 mM Fe(II) at pH 7.0
[OC] (ppm)

0.56

2.79

5.57

Fe(II)sorbed (mmol g-1)

1.16

1.07

0.92

kobs for α-HBCDD (h-1)

4.3(±1.7) ×10-3

2.8(±1.5) ×10-3

1.2(±1.0) ×10-3

kobs for β-HBCDD (h-1)

1.8(±0.3) ×10-2

1.7(±0.3) ×10-2

9.4(±1.6) ×10-3

kobs for γ-HBCDD (h-1)

1.3(±0.2) ×10-2

5.9(±1.8) ×10-3

3.3(±1.7) ×10-3

5.4 Reaction of HBCDD with Fe(II) bound to goethite
A series of kinetic experiments were performed with goethite at various pH to evaluate the effect
of different mineral surface on the degradation of HBCDD in the presence of Fe(II). Control
experiment was also conducted with goethite only and no significant change in the HBCDD
concentration was observed within ten days. This indicates that goethite by itself is not able to
reduce HBCDD in sediments. An initial concentration of 3 mM Fe(II) is sufficient to saturate the
surface of 5 mg mL-1 goethite. The time courses for the reaction of 1 µM HBCDD in the presence
of 5 mg mL-1 goethite and an initial concentration of 3 mM Fe(II) at different pH are available in
Appendix 9. The reaction of HBCDD with Fe(II) bound to goethite is also pH dependent (Fig. 57). A similar behavior was found compared to the kinetic experiments performed with magnetite,
i.e., the reaction is very slow when the pH is below 6.8 and becomes faster with increased pH.
However, an exception was observed at pH 7.42 where the density of Fe(II) bound onto goethite
was lower than the density of sorbed Fe(II) at pH 7.12. This exception was also observed by
Amonette et al. who studied the dechlorination of carbon tetrachloride by Fe(II) bound to goethite
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(Amonette et al., 2000). In order to investigate if this exception is caused by the phase change,
goethite was collected after the reaction of HBCDD with Fe(II) bound to goethite at pH 7.42 and
characterized by XRD under anaerobic condition to avoid oxidation of any other phases that might
be formed. The XRD pattern for goethite collected after the reaction is shown in Fig. 5-7B. It does
not show the presence of any phases other than goethite. This indicates that there is no phase
change during the reaction and therefore the exception cannot be explained by the formation of a
different phase.
Table 5-3 summarizes the density of sorbed Fe(II) and kobs for the reaction of individual HBCDD
isomers with Fe(II) bound to goethite at various pH. The pHzpc for goethite is 7.5 and our kinetic
experiments were performed in a pH range from 6.15 to 7.50 (Davies and Morgan, 1989). The pH
was not raised higher than 7.50 to prevent possible precipitation of iron hydroxides. Similar to the
kinetic experiments conducted with magnetite, the kobs for γ-HBCDD in aqueous phase are
significantly different from the kobs in solid phase while the kobs for β-HBCDD in aqueous and
solid phase are relatively close. This might again be explained by the faster equilibrium
development of β-HBCDD than γ-HBCDD. The density of Fe(II) sorbed onto goethite is much
lower than magnetite even though the goethite added for kinetic experiments has larger surface
area (162.5 m2 L-1) than magnetite (67 m2 L-1). This suggests that magnetite has higher sorption
capacity for Fe(II) than goethite. In addition, the reaction of HBCDD with Fe(II) bound to
magnetite at pH 7.17 is approximately three times as fast as the reaction of HBCDD with Fe(II)
bound to goethite at pH 7.12.
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Fig. 5-7(A) Sorption of Fe(II) onto goethite (left axis) and observed pseudo-first-order rate
constants for the reaction of HBCDD (kobs, right axis) in the presence of 5 mg mL-1 goethite and
an initial concentration of 3 mM Fe(II) at various pH values. (B) The XRD pattern for goethite
collected after the reaction of 1 µM HBCDD in the presence of 5 mg mL-1 goethite and an initial
concentration of 3 mM Fe(II) at pH 7.42. The red lines indicate the peaks for goethite (reference
code: 00-29-0713) while the green and blue lines indicate the peaks for green rust I (reference
code: 00-13-0090) and green rust II (00-41-0014) in ICDD PDF4+ database, respectively.
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Table 5-3. The density of sorbed Fe(II) and observed pseudo-first-order rate constants for the reaction of 1 µM HBCDD in the presence of 5 mg mL-1 goethite and an initial concentration of 3
mM Fe(II) at various pH values
pH
Fe(II)sorbed
(mmol g-1)

7.42

7.12

6.76

6.16

0.09

0.19

0.12

0.04

kobs (h-1)

total

aqueous

solid

total

aqueous

solid

total

aqueous

solid

total

aqueous

solid

-HBCDD

9.0(±1.7) ×10-2

6.8(±1.6) ×10-2

1.1(±0.2) ×10-1

NA

NA

NA

NA

NA

NA

NA

NA

NA

-HBCDD

6.4(±0.6) ×10-1

6.1(±0.5) ×10-1

6.5(±0.4) ×10-1

8.8(±1.6) ×10-2

1.0(±0.1) ×10-1

8.2(±1.2) ×10-2

2.0(±0.4) ×10-2

1.4(±0.2) ×10-2

2.3(±0.3) ×10-2

5.1(±1.1) ×10-3

4.5(±1.3) ×10-3

5.5(±1.0) ×10-3

-HBCDD

4.9(±0.8) ×10-1

7.5(±0.9) ×10-1

4.5(±0.5) ×10-1

4.6(±1.1) ×10-2

1.2(±0.1) ×10-1

3.1(±0.8) ×10-2

4.7(±3.6) ×10-3

1.1(±0.3) ×10-2

3.2(±2.8) ×10-3

NA

0.9(±1.0) ×10-3

NA

The uncertainties reflect the 95% confidence limit and it is reported as t95% (t-value for 95% confidence limit) times standard deviation of slope in observed pseudo-first-order rate constant determination plot.
NA = Not Available, NA is presented in the table because the reactions are too slow and kobs are smaller than their uncertainties.
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5.5 Reaction of HBCDD with Cr(II)
As shown in Fig. 5-8, the reaction of 1 µM HBCDD with 7.15 mM Cr(II) is also stereoisomer
specific with α-HBCDD reacting much slower with Cr(II) than β- and γ-HBCDD. The kobs values
for α-HBCDD, β-HBCDD and γ-HBCDD are 1.2(±0.2) ×10-1 h-1, 4.7(±1.2) ×10-1 h-1 and 2.4(±0.4)
×10-1 h-1, respectively. The different reactivity of HBCDD isomers with Cr(II) indicates that the
large dihedral angle of HBCDD conformers can still be beneficial for the reaction of HBCDD with
single-electron reductant.
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Fig. 5-8. Plot of Ln(CHBCDD/C0) versus time for the reaction of 1 M HBCDD with 7.15 mM Cr(II)
at pH 2.09 and 27 C.
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6. Conclusions
The degradation reaction of HBCDD with reduced sulfur species and Fe(II) bound to iron oxides
might be environmentally relevant. Based on the second-order rate constants provided above,
reduced sulfur species are an efficient reagent leading to the degradation of HBCDD in anoxic
marine environment (e.g., sediment pore water) where reduced sulfur species are abundant. At a
total hydrogen sulfide concentration of 2.3 mM, pH 7, and at 25 ˚C the reaction of -HBCDD with
HS- would result in a half-life of 4.6 days, while the half-life for -HBCDD under the same
conditions would be 59 days. In situ remediation with CPS solutions can likely provide even higher
concentrations of reduced sulfur species. Commercially available CPS solutions have a
concentration of up to 1.4 M of calcium pentasulfide. When groundwater is amended with CPS
solutions and if a temporary concentration of 10 mM CPS is achieved the predicted half-life of HBCDD at 25 ˚C is calculated to be on the order of days. Fe(II) bound to iron oxides is also found
to be a very powerful reductant to reduce HBCDD in sediments where iron oxides are rich and
aqueous Fe(II) is present in pore waters. The use of metallic Fe in subsurface reactive permeable
barriers for the last 20 years has been identified as an efficient technology for the remediation of
contaminated groundwater (Noubactep et al., 2011). Because Fe(II) and iron oxides are very likely
to form in such systems, this study may also help to understand the processes.
-HBCDD reacts significantly slower than -HBCDD with both bisulfide and polysulfide,
respectively. This difference in reactivity can be explained by structural differences between lowlying conformations of -HBCDD and -HBCDD. A concerted debromination reaction should be
favored when the adjacent bromine atoms are in an anti-conformation due to enhanced stabilization
of the transition state. Therefore, the stereoisomer with the largest population of conformations
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containing large dihedral angles would be the most reactive. The -HBCDD stereoisomer was
predicted to be the most reactive, closely followed by -HBCDD and -HBCDD to be much less
reactive. This prediction is in agreement with the experimental measurements. This simple model
for the reactivity assumes an equilibrium distribution of population among the conformers
suggesting that the difference in the observed rate constants is related to the effective concentration
of reactive species. As similar to the reaction of HBCDD with bisulfide and polysulfide, the
reaction of HBCDD with Fe(II) bound to iron oxides is also stereoisomer specific with α-HBCDD
reacting much slower than β-HBCDD and γ-HBCDD. However, β-HBCDD is more reactive than
γ-HBCDD when reacting with Fe(II) bound to iron oxides. This might be caused by the change of
stereoisomer conformations in the presence of Fe(II) and iron oxides. The reaction of HBCDD
with Cr(II) also shows the preferred degradation of β-HBCDD and γ-HBCDD over α-HBCDD.
This result of a potentially slower abiotic degradation of -HBCDD versus - and -HBCDD could
also contribute to the fact that -HBCDD is more bioaccumulative than - and -HBCDD. HBCDD seems to be more bioaccumulative based on the observation of -HBCDD being the most
abundant stereoisomer in biological samples even though there is only 10-13% -HBCDD in
commercial mixtures of HBCDD.
It is not surprising that the reaction of HBCDD with bisulfide and polysulfide is temperature
dependent and it is faster at 40 C than at 25 C. Solvent also affects the reaction rate and the
second-order rate constants are larger for -HBCDD and -HBCDD with bisulfide in higher
percentage of water. This result also agrees with the proposed concerted reaction mechanism. The
transition state in the concerted mechanism has a partial charge and this charge is more stabilized
in more polar solvents, which makes the reaction faster. Only one product was observed with LC64

MS/MS for the degradation of HBCDD with reduced sulfur species. It was identified as TBCDe5. TBCDe-5 also reacts with bisulfide and polysulfide. However, TBCDe-5 reacts about 10 times
slower with bisulfide and 20 times slower with polysulfide than HBCDD.
The reaction of HBCDD with Fe(II) bound to iron oxides is pH dependent and the reaction is faster
with increased pH because the reduction potential is more negative with higher pH. It is worth
noting that the reduction of HBCDD by Fe(II) bound to iron oxides is more significant in the
anoxic environment with pH values above 6.8. The initial concentrations of Fe(II) and HBCDD
also affect the reaction rate. It is interesting to find that the reaction of HBCDD with Fe(II) bound
to magnetite is slower when the initial concentration of HBCDD decreased from 1 µM to 100 nM.
And the reaction is much slower when the initial concentration of Fe(II) decreased from 6 mM to
4 mM when HBCDD reacts with Fe(II) bound to magnetite. It was observed that the reaction is
significant only when aqueous solution of Fe(II) is present. Therefore, the dissolved Fe(II) in
sediment pore waters is necessary for the degradation of HBCDD by Fe(II) bound to iron oxides
in sediments. The presence of NOM in natural waters is found to be able to inhibit the degradation
of HBCDD by Fe(II) bound to iron oxides by complexing with Fe(II) and/or competing for the
reactive surface sites with Fe(II) and/or blocking HBCDD from approaching the Fe(II) bound to
iron oxides. This helps to better predict the environmental fate of HBCDD in complex systems.
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Appendix 1: MS conditions for HBCDD and TBCDe analysis
Table A1-1. MS conditions for HBCDD analysis
Parameter
Collision gas
Curtain gas
Declustering potential
Entrance potential
Ion source gas 1
Ion source gas 2
Ion spray voltage
Source heater temperature
Interface heater
Collision energy
Collision cell exit potential

Value
Nitrogen at 8 arbitrary units
Nitrogen at 30 arbitrary units
-40 V
-10 V
nitrogen 60 arbitrary units
nitrogen 40 arbitrary units
-2500 V
250 ºC
ON
-42 eV
-5 V (640.80 - 78.90)
-13 V (640.80 - 80.80)

Table A1-2. MS conditions for TBCDe analysis
Parameter
Collision gas
Curtain gas
Declustering potential
Entrance potential
Ion source gas 1
Ion source gas 2
Ion spray voltage
Source heater temperature
Interface heater
Collision energy
Collision cell exit potential

Value
Nitrogen at 5 arbitrary units
Nitrogen at 35 arbitrary units
-5 V
-6 V
nitrogen 60 arbitrary units
nitrogen 40 arbitrary units
- 4500 V
500 ºC
ON
-42 eV
-5 V (481.00 - 78.90)
-13 V (481.00 - 80.80）
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Appendix 2: Time courses for 1 M HBCDD reacting with bisulfide in 80% methanol/20%
water at 40 C.
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Fig. A2-1. Plot of Ln(CHBCDD/C0) versus time for 1 M HBCDD reacting with 0.00 mM bisulfide,
80% methanol/20% water, pH 9.81, 40 C.
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Fig. A2-2. Plot of Ln(CHBCDD/C0) versus time for 1 M HBCDD reacting with 2.50 mM bisulfide,
80% methanol/20% water, pH 9.74, 40 C.
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Fig. A2-3. Plot of Ln(CHBCDD/C0) versus time for 1 M HBCDD reacting with 4.69 mM bisulfide,
80% methanol/20% water, pH 9.77, 40 C.
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Fig. A2-4. Plot of Ln(CHBCDD/C0) versus time for 1 M HBCDD reacting with 7.06 mM bisulfide,
80% methanol/20% water, pH 9.73, 40 C.
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Fig. A2-5. Plot of Ln(CHBCDD/C0) versus time for 1 M HBCDD reacting with 8.20 mM bisulfide,
80% methanol/20% water, pH 9.77, 40 C.
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Fig. A2-6. Plot of Ln(CHBCDD/C0) versus time for 1 M HBCDD reacting with 10.89 mM bisulfide,
80% methanol/20% water, pH 9.71, 40 C.
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Appendix 3: Time courses and second-order rate constants determination plot for 1 M
HBCDD reacting with bisulfide in 50% methanol/50% water at 40 C.
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Fig. A3-1. Plot of Ln(CHBCDD/C0) versus time for 1 M HBCDD reacting with 0.00 mM bisulfide,
50% methanol/50% water, pH 9.58, 40 C.
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Fig. A3-2. Plot of Ln(CHBCDD/C0) versus time for 1 M HBCDD reacting with 4.30 mM bisulfide,
50% methanol/50% water, pH 9.58, 40 C.
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Fig. A3-3. Plot of Ln(CHBCDD/C0) versus time for 1 M HBCDD reacting with 8.54 mM bisulfide,
50% methanol/50% water, pH 9.58, 40 C.
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Fig. A3-4. Plot of Ln(CHBCDD/C0) versus time for 1 M HBCDD reacting with 12.89 mM bisulfide,
50% methanol/50% water, pH 9.68, 40 C.
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Fig. A3-5. Plot of Ln(CHBCDD/C0) versus time for 1 M HBCDD reacting with 18.37 mM bisulfide,
50% methanol/50% water, pH 9.63, 40 C.
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Fig. A3-6. Second-order rate constants determination plot of 1 M HBCDD reacting with bisulfide
in 50% methanol/50% water at 40 C.
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Appendix 4: Time courses and second-order rate constants determination plot for 10 nM
HBCDD reacting with bisulfide in 20% methanol/80% water at 40 C.
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Fig. A4-1. Plot of Ln(CHBCDD/C0) versus time for 10 nM HBCDD reacting with 0.00 mM bisulfide,
20% methanol/80% water, pH 9.26, 40 C.
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Fig. A4-2. Plot of Ln(CHBCDD/C0) versus time for 10 nM HBCDD reacting with 6.63 mM bisulfide,
20% methanol/80% water, pH 9.17, 40 C.
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Fig. A4-3. Plot of Ln(CHBCDD/C0) versus time for 10 nM HBCDD reacting with 10.83 mM
bisulfide, 20% methanol/80% water, pH 9.36, 40 C.

-HBCDD
-HBCDD
 -HBCDD

Ln(CHBCDD/Co)

0.0

-0.5

-1.0

-1.5

0

10

20

30

40

50

60

time (h)

Fig. A4-4. Plot of Ln(CHBCDD/C0) versus time for 10 nM HBCDD reacting with 13.34 mM
bisulfide, 20% methanol/80% water, pH 9.14, 40 C.
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Fig. A4-5. Plot of Ln(CHBCDD/C0) versus time for 10 nM HBCDD reacting with 18.55 mM
bisulfide, 20% methanol/80% water, pH 9.18, 40 C.
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Fig. A4-6. Second order rate constants determination of 10 nM HBCDD reacting with bisulfide in
20% methanol/80% water at 40 C.
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Appendix 5: Time courses and second-order rate constants determination plot for 10 nM
HBCDD reacting with bisulfide in 20% methanol/80% water at 25 C.
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Fig. A5-1. Plot of Ln(CHBCDD/C0) versus time for 10 nM HBCDD reacting with 3.33 mM bisulfide,
20% methanol/80% water, pH 9.37, 25 C.
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Fig. A5-2. Plot of Ln(CHBCDD/C0) versus time for 10 nM HBCDD reacting with 6.63 mM bisulfide,
20% methanol/80% water, pH 9.17, 25 C.
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Fig. A5-3. Plot of Ln(CHBCDD/C0) versus time for 10 nM HBCDD reacting with 10.83 mM
bisulfide, 20% methanol/80% water, pH 9.36, 25 C.
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Fig. A5-4. Plot of Ln(CHBCDD/C0) versus time for 10 nM HBCDD reacting with 13.34 mM
bisulfide, 20% methanol/80% water, pH 9.14, 25 C.
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Fig. A5-5. Plot of Ln(CHBCDD/C0) versus time for 10 nM HBCDD reacting with 15.23 mM
bisulfide, 20% methanol/80% water, pH 9.28, 25 C.
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Fig. A5-6. Second-order rate constants determination plot of 10 nM HBCDD reacting with
bisulfide in 20% methanol/80% water at 25 C.
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Appendix 6: Time courses for the reaction of 1 µM HBCDD in the presence of 2.5 mg L-1
magnetite and an initial concentration of 6 mM Fe(II) at various pH at room temperature.
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Fig. A6-1. Plot of Ln(CHBCDD/C0) versus time for the reaction of 1 µM HBCDD in the presence of
2.5 mg L-1 magnetite and an initial concentration of 6 mM Fe(II) at pH 6.15.
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Fig. A6-2. Plot of Ln(CHBCDD/C0) versus time for the reaction of 1 µM HBCDD in the presence of
2.5 mg L-1 magnetite and an initial concentration of 6 mM Fe(II) at pH 6.78.
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Fig. A6-3. Plot of Ln(CHBCDD/C0) versus time for the reaction of 1 µM HBCDD in the presence of
2.5 mg L-1 magnetite and an initial concentration of 6 mM Fe(II) at pH 6.98.
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Appendix 7: UV-Vis spectrum of 500 ppm PPHA stock solution
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Fig. A7-1. UV-Vis spectrum of 500 ppm PPHA stock solution.
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Appendix 8: Time courses for the reaction of 1 µM HBCDD in the presence of 2.5 mg L-1
magnetite and an initial concentration of 6 mM Fe(II) with different concentration of PPHA
at pH 7.0 at room temperature.
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Fig. A8-1. Plot of Ln(CHBCDD/C0) versus time for the reaction of 1 µM HBCDD in the presence of
2.5 mg L-1 magnetite and an initial concentration of 6 mM Fe(II) with 1 ppm PPHA at pH 7.
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Fig. A8-2. Plot of Ln(CHBCDD/C0) versus time for the reaction of 1 µM HBCDD in the presence of
2.5 mg L-1 magnetite and an initial concentration of 6 mM Fe(II) with 5 ppm PPHA.
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Fig. A8-3. Plot of Ln(CHBCDD/C0) versus time for the reaction of 1 µM HBCDD in the presence of
2.5 mg L-1 magnetite and an initial concentration of 6 mM Fe(II) with 10 ppm PPHA.
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Appendix 9: Time courses for the reaction of 1 µM HBCDD in the presence of 5 mg L-1
goethite and an initial concentration of 3 mM Fe(II) at various pH at room temperature.
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Fig. A9-1. Plot of Ln(CHBCDD/C0) versus time for the reaction of 1 µM HBCDD in the presence of
5 mg L-1 goethite and an initial concentration of 3 mM Fe(II) at pH 6.16.
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Fig. A9-2. Plot of Ln(CHBCDD/C0) versus time for the reaction of 1 µM HBCDD in the presence of
5 mg L-1 goethite and an initial concentration of 3 mM Fe(II) at pH 6.76.
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Fig. A9-3. Plot of Ln(CHBCDD/C0) versus time for the reaction of 1 µM HBCDD in the presence of
5 mg L-1 goethite and an initial concentration of 3 mM Fe(II) at pH 7.12.
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Fig. A9-4. Plot of Ln(CHBCDD/C0) versus time for the reaction of 1 µM HBCDD in the presence of
5 mg L-1 goethite and an initial concentration of 3 mM Fe(II) at pH 7.42.
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